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ABSTRACT 

This report describes the work completed in a program to develop per- 
formance prediction methods for turbopump self-compensating thrust balance 
sys tems . 

The three tasks described encompass Phase I. They are the hydrodynamic 
design and mechanical layout of the test assembly (Task I), the formulation 
of analytical models to predict performance (Task 111, and parametric studies 
(Task 111). 

The tester was designed to accommodate either a series flow (single 
acting) or a parallel flow (double acting) balance piston with provisions to 
permit the varying of sill lengths, pocket depths, orifices, mechanical spring 
rate, and friction damping. 
impulse turbine capable of testing the unit up to the design speed of 
10,000 rpm. Digital and analog computer programs were formulated to predict 
the steady-state and dynamic performance. Then, these computer programs were 
used to determine the effect of selected changes in the test assembly. 

The drive consists of a 100 hp single-stage 

Phase 11, which consists of Tasks IV, V, and VI, includes the detailed 
design of the test assembly, fabrication, and thrust balance system tests of 
both the series and parallel flow balance pistons in water and gaseous nitro- 
gen. 
analytical models. 

The results from these tests will be used to refine and verify the 
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I. SUMMARY 

The o b j e c t i v e  of t h e  "Thrust Balance S t a b i l i t y "  Program is  t o  formulate 
and experimentally v e r i f y  a computerized mathematical l o g i c  t o  p r e d i c t  steady- 
s ta te  and dynamic c h a r a c t e r i s t i c s  of s e l e c t e d  turbomachinery axial  th rus t  
balance systems. This program i s  divided i n t o  two phases w i t h  each phase made 
up of t h r e e  t a sks .  Phase I has been completed and t h e  accomplishments of 
Tasks I, 11, and I11 are summarized i n  t h i s  r e p o r t .  The complete program is  
being accomplished under Contract NAS 3-7978 f o r  t h e  L e w i s  Research Center of 
t h e  Nat ional  Aeronautics and Space Administration. 

A. TASK I - HYDRODYNAMIC DESIGN AND MECHANICAL LAYOUT 

A test assembly w a s  designed t o  accommodate e i t h e r  a series flow 

This design inc ludes  a t u r b i n e  d r i v e ,  a v a r i a b l e  
( s i n g l e  ac t ing )  o r  a p a r a l l e l  flow (double a c t i n g )  t h r u s t  balance p i s t o n  wi th  
a h y d r o s t a t i c  load p i s t o n .  
axial  mechanical s p r i n g  rate system, a v a r i a b l e  a x i a l  f r i c t i o n  damping device,  
and instrumentat ion t o  measure flow, t h e  p re s su re  p r o f i l e s  of a l l  of t h e  major 
components, and t h e  c r i t i c a l  a x i a l  c learances.  

B. TASK I1 - FORMULATION AND DEMONSTUTION OF COMPUTER SIMULATION 

A s t eady- s t a t e  d i g i t a l  computer program was formulated t o  determine 
t h e  flow and p res su re  p r o f i l e s  throughout t h e  assembly. 
developed w i l l  accept any f l u i d  by s u b s t i t u t i n g  t h e  f l u i d  p r o p e r t i e s  o f  t h e  
des i r ed  f l u i d  i n t o  t h e  f l u i d  property inpu t  t a b l e s .  

The program which was 

Analog computer s imulat ions w e r e  developed t o  permit s tudy of t h e  
test assembly dynamic behavior.  These dynamic s imulat ions were developed f o r  
both series and p a r a l l e l  flow conf igu ra t ions  using e i t h e r  water o r  gaseous 
n i t rogen  as the  test f l u i d s .  

6. TASK I11 - PARAMETRIC STUDIES 

Parametric analyses  were accomplished f o r  both t h e  s t eady- s t a t e  and 
t h e  dynamic behavior of t h e  test assembly. 
q u i t e  s t a b l e  us ing  water as t h e  test  f l u i d .  
gaseous n i t r o g e n  a t  t h e  design p res su re  of 1000 p s i .  
and p a r a l l e l  designs i n d i c a t e  i n s t a b i l i t y  with gaseous n i t rogen  a t  p re s su res  
below 400 p s i  when using l a r g e  o r i f i c e s  and low clearances.  

It was found t h a t  t h e  designs are 
The designs a l s o  are s t a b l e  with 

However, both t h e  series 

D. MAJOR CONCLUSIONS AND RECOMMENDATIONS 

1. The parametr ic  s t u d i e s  i n d i c a t e  t h a t  t h e  test  assembly design 
is  q u i t e  s t a b l e  with e i t h e r  water o r  gaseous n i t r o g e n  when ope ra t ing  a t  or  near 
t h e  design p res su re  of 1000 p s i .  

2. Both t h e  series and p a r a l l e l  con f igu ra t ions  were extremely 
s t a b l e  f o r  a wide range of parameter v a r i a t i o n s  using water as t h e  f l u i d .  
h igh ly  damped o s c i l l a t i o n s  w e r e  noted i n  t h e  series conf igu ra t ion  analog s tudy 
a t  approximately 700 cps. 

Some 
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3. Both t h e  series and p a r a l l e l  configurat ions showed i n s t a b i l i t y  
at low ope ra t ing  p res su res  and wi th  l a r g e  compensating o r i f i c e s  us lng  gaseous 
n i t rogen  as t h e  f l u i d .  For the p a r a l l e l  flow conf igu ra t ion ,  o s c i l l a t i o n s  at  
720 cps t o  740 cps w e r e  ev iden t  with ope ra t ing  p res su res  below 400 p s i  and an 
o r i f i c e  diameter of 0.2-in. 
0.004-in. from i ts  mid-position. The series flow conf igu ra t ion  also became 
uns t ab le  at operat ing p res su res  below 400 p s i  w i t h  an i n l e t  o r i f i c e  of 0.15-in. 
This  occurred a t  a p i s t o n  displacement of 0.003-in. from its mid-position. 

This occurred when the p i s t o n  was d i sp laced  

4.  Fabr i ca t ion  and t e s t i n g  w i l l  be  accomplished during Phase 11. 
Test ing w i l l  encompass a range of speeds and p res su res  u t i l i z i n g  varying s i l l  
l eng ths ,  pocket depths,  and o r i f i c e s .  A stat is t ical  approach i s  recommended 
f o r  t h e s e  parameter v a r i a t i o n s  t o  minimize the  number of tests needed t o  v e r i f y  
both t h e  computer programs as w e l l  as t h e  parametr ic  s t u d i e s .  

11. INTRODUCTION 

This r e p o r t  d e l i n e a t e s  t h e  work performed by t h e  Liquid Rocket Operations,  
Aerojet-General Corporation, Sacramento, C a l i f o r n i a ,  t o  complete Tasks I,  11, 
and I11 (Phase I) of Contract NAS 3-7978 (Thrust Balance S t a b i l i t y ) ,  which i s  
under t h e  cognizance of t h e  NASA L e w i s  Research Center,  Cleveland, Ohio. 

Contractual  e f f o r t  w a s  i n i t i a t e d  during A p r i l  1967 and i s  scheduled f o r  
completion during January 1969. The t h r e e  c o n t r a c t u a l  t a s k s  descr ibed h e r e i n  
are as follows: 

Task I 

Task I1 - Formulation and Demonstration of Computer Simulation 

- Hydrodynamic Design and Mechanical Layout 

Task I11 - Parametr ic  Studies  

The remaining t h r e e  c o n t r a c t u a l  t a s k s  are as follows: 

Task I V  - Deta i l ed  Design 

Task V - Fabr i ca t ion  

Task V I  - Thrust Balance System Tests 

A major problem area i n  rocket  engine turbopump design and development 
has  been a s soc ia t ed  with t h e  unbalanced a x i a l  t h r u s t  r e s u l t i n g  from the  
hydrau l i c  f o r c e s  w i t h i n  the  turbopump, E i t h e r  completely self-compensating o r  
p a r t i a l l y  self-compensating t h r u s t  balance systems with a p res su re  d i f f e r e n t i a l  
appl ied t o  a t h r u s t  p i s t o n  are used t o  reduce t h e  unbalanced t h r u s t  t o  a level 
t h a t  is w i t h i n  t h e  t h r u s t  bear ing c a p a b i l i t y .  The self-compensating t h r u s t  
balance system i s  an automatic feedback c o n t r o l  device which counteracts  ax ia l  
f o r c e s  and r e g u l a t e s  s h a f t  a x i a l  p o s i t i o n .  A s  with any feedback c o n t r o l l e r ,  
t h e  feedback can become regene ra t ive  and t h e  system can become uns t ab le  under 
c e r t a i n  condi t ions.  Therefore ,  i t  i s  d e s i r a b l e  t o  a s c e r t a i n  whether o r  no t  
t h e  system i s  s t a b l e  and what adjustments o r  changes can be made without 
causing i n s t a b i l i t y .  
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I n  t h i s  program, t h e  b a s i c  technology a s soc ia t ed  with both series and 
p a r a l l e l  flow t h r u s t  balance systems is  being s tud ied .  
is  t o  develop a n a l y t i c a l  models f o r  p r e d i c t i n g  t h e  s t eady- s t a t e  and dynamic 
c h a r a c t e r i s t i c s  of t h e  s e l e c t e d  t h r u s t  balance systems as w e l l  as t o  experi-  
mentally v e r i f y  t h e  models using water and gaseous n i t r o g e n  as t h e  test f l u i d s .  
The models developed a l s o  are a p p l i c a b l e  t o  rocket  engine technology using 
f l u i d s  such as l i q u i d  hydrogen by s u b s t i t u t i n g  t h e  p e r t i n e n t  t a b u l a r i z e d  f l u i d  
p r o p e r t i e s  i n t o  t h e  computer programs. 

The p r i n c i p a l  o b j e c t i v e  

111. TECHNICAL DISCUSSION 

A. HYDROMECHANICAL DESIGN 

The design c r i te r ia  f o r  t h e  test  assembly are shown on Table I. 

The test conf igu ra t ion ,  which i s  shown on Figure No. 1, incorpora t e s  
a h y d r o s t a t i c  load p i s t o n ,  a t u r b i n e  d r i v e ,  r o l l e r  bear ing s h a f t  supports  (with 
one set of r o l l e r  bear ings t o  apply r a d i a l  l oad ) ,  a balance p i s t o n  (which can 
be e i t h e r  a series o r  p a r a l l e l  flow conf igu ra t ion )  , supply o r i f i c e s ,  and -a 
spring-mounted duplex b a l l  t h r u s t  bear ing set wi th  a v a r i a b l e  f r i c t i o n  damping 
device.  

A s ingle-s tage t u r b i n e  using gaseous n i t rogen  as t h e  power source 
w a s  s e l e c t e d  t o  d r i v e  t h e  test assembly. A Ti tan  87-5 f i r s t - s t a g e  t u r b i n e  wheel 
is a v a i l a b l e  and only r e q u i r e s  modif icat ion of t h e  nozzles  f o r  t h i s  a p p l i c a t i o n .  
Reamed nozzles  f o r  par t ia l -admission were designed. The t u r b i n e  with these  
nozzles  w i l l  be  capable of producing 100 hp a t  10,000 rpm with gaseous n i t rogen  
suppl ied a t  217 p s i a  and exhausted t o  atmosphere. Design d a t a  f o r  t h i s  t u r b i n e  
are presented on Table I T .  

Oi l - lubricated r o l l e r  bear ings were s e l e c t e d  f o r  t h e  s h a f t  support ,  
Gaseous n i t rogen  i s  suppl ied t o  a loade r  p i s t o n  a t t ached  t o  t h e  bear ing carrier 
on one set  of r o l l e r  bear ings.  This a p p l i e s  a r a d i a l  load t o  b u i l d  up s t i f f -  
ness  i n  one d i r e c t i o n  which prevents  t h e  s h a f t  w h i r l  t h a t  i s  inhe ren t  i n  a w e l l -  
balanced symmetrical design of t h i s  type. 

The tester w a s  designed t o  accommodate e i t h e r  a series o r  a 
p a r a l l e l  flow t h r u s t  balance p i s t o n  with annular  pockets.  
designed i n t o  t h e  t h r u s t  p i s t o n  t o  provide more f l e x i b i l i t y  i n  varying t h e  
s i l l  l eng ths ,  s i l l  p o s i t i o n s ,  and pocket depths.  A r e l a t i v e l y  t h i c k  balance 
p i s t o n  was designed t o  minimize the  a x i a l  d e f l e c t i o n  a s s o c i a t e d  with high- 
p re s su re  d i f f e r e n t i a l  a c r o s s  t h e  p i s t o n .  Def l ec t ion  of t h e  balance p i s t o n  
causes a d i f f e r e n t  gap a t  t h e  i n n e r  and o u t e r  s i l l .  This  d i f f e r e n c e  i s  a 
func t ion  of t h e  load on t h e  p i s t o n .  While p rov i s ion  i s  made i n  t h e  mathemati- 
cal  model t o  c o r r e c t  t h e  flow equat ions f o r  e c c e n t r i c i t y  o r  d e f l e c t i o n ,  i t  i s  
d e s i r a b l e  t h a t  t h i s  e f f e c t  be  minimized t o  s impl i fy  t h e  v e r i f i c a t i o n  of test  
r e s u l t s .  Compensating o r i f i c e s  are provided i n  s i x  i n l e t  passages i n  t h e  
s t a t i o n a r y  housings on each s i d e  of t h e  balance p i s t o n  t o  feed t h e  pockets on 
each s i d e  of t h e  p i s t o n  i n  a p a r a l l e l  flow configurat ion.  I n  a series flow 
conf igu ra t ion ,  t h e  feed h o l e s  are blocked on one s i d e  of t he  p i s t o n .  

These pockets were 
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TABLE I 

TEST ASSEMBLY THRUST BALANCE SYSTEM DESIGN CRITERIA 

Operation i n  e i t h e r  water o r  gaseous ni t rogen.  

Basic hardware common t o  both series and p a r a l l e l  flow. 

A h y d r o s t a t i c  type of load system. 

Design i n l e t  p re s su re  - 1000 p s i  

Disk diameter - 8-in. 

Sha f t  speed - 10,000 rpm 

Capab i l i t y  t o  permit change i n  t h e  following parameters : 

- Axial mechanical sp r ing  rate. 

- Thrust balance system areas and volumes. 

- Fixed and v a r i a b l e  o r i f i c e  s i z e s  and loca t ions .  

- I n l e t  and ex i t  p re s su re  levels. 

- Damping. 

A c a p q b i l i t y  f o r  inducing p res su re  pe r tu rba t ions  i n  t h e  t h r u s t  
balance and load systems. 

Shaft  c r i t i c a l  speed - 33,000 rpm 
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TABLE I1 

TURBINE DESIGN DATA 

Type 

Number of s t a g e s  

Horsepower 

Speed, rpm 

Number of nozzles  (1 a d d i t i o n a l  provided) 

Nozzle t h r o a t  diameter,  i n .  

Nozzle t h r o a t  area, i n . 2  (3  nozzles)  

Nozzle e x i t  area, i n . 2  ( 3 nozzles)  

Nozzle angle ,  degrees 

I n l e t  p re s su re ,  p s i a  

I n l e t  temperature,  OF 

Exhaust p re s su re ,  p s i a  

Exhaust temperature,  O F  

Exhaust manifold e x i t  area, i n .  2 

Impulse 

1 

100 

10,000 

3* 

0.473 

0.5268 

1.289 

17.5 

217 

200 

20 

-62 

4.561 

*One a d d i t i o n a l  nozzle  w i l l  be  provided b u t  no t  used i n  t h i s  test series. 
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The t h r u s t  bear ings are h e l d  i n  a carrier which i s  f l e x i b l e  both 

The bea r ing  
r a d i a l l y  and a x i a l l y .  
minimize r a d i a l  load wi th  s h a f t  d e f l e c t i o n  and/or misalignment. 
carrier i s  a t t a c h e d  t o  t h e  main housings by f o u r  f l a t  l e a f  s p r i n g s  h e l d  between- 
two spacers .  S l o t s  are machined i n  t h e  space r s  i n  t h e  area where t h e  l e a f  
sp r ings  are a t t ached .  
e f f e c t i v e  l eng th  of t h e  l ea f  s p r i n g s  t o  va ry  t h e  axial  mechanical sp r ing  rate. 
The space r s  are designed t o  vary t h e  sp r ing  l eng th  which r e s u l t s  i n  loading 
t h e  t h r u s t  bear ings t o  750 l b ,  1500 l b ,  o r  3000 l b  f o r  a 0.004-in. axial  move- 
ment of t h e  balance p i s ton .  
w i l l  p r o t e c t  t h e  balance p i s t o n  should a p res su re  supply system malfunction 
occur during t e s t i n g .  

Axial  s l o t s  are machined i n  t h e  bear ing carrier t o  

The depth of t h e s e  s l o t s  can be  a l t e r e d  t o  change t h e  

Stops are provided t o  l i m i t  t h e  travel. This 

F r i c t i o n  damping i n  t h e  a x i a l  d i r e c t i o n  is  provided by t w o  spring- 
supported shoes.  A r i n g  circumvents t h e s e  two shoes s o  t h a t  a b o l t  on one s i d e  
of t h e  r i n g  e x e r t s  f o r c e  upon one shoe while  t he  opposi te  s i d e  of t h e  r i n g  
exerts an equal  f o r c e  upon t h e  remaining shoe. The amount of f o r c e  exe r t ed  and 
t h e r e f o r e ,  t h e  axial  f r i c t i o n  damping, can be  v a r i e d  by adding o r  removing 
shims under t h e  b o l t  head. 

Table I11 l is ts  t h e  materials s e l e c t e d  f o r  t h e  test  assembly. 
S t a i n l e s s  steel  w i l l  b e  used f o r  t h e  major p o r t i o n  of t h e  tester t o  resist 
co r ros ion  and r u s t  during water tests. Aluminum 7075 w a s  s e l e c t e d  f o r  t h e  
balance p i s t o n  and load p i s t o n  t o  minimize weight as w e l l  as t o  f a c i l i t a t e  
f a b r i c a t i o n .  
and provide a high f a c t o r  of s a f e t y  f o r  t h e  major load path.  

High-strength a l l o y  b o l t s  are used t o  f a s t e n  t h e  major housings 

Blade and d i s k  v i b r a t i o n  d a t a  f o r  t h e  t u r b i n e  w a s  a v a i l a b l e  from 
tests conducted i n  t h e  T i t a n  program. Table I V  i s  a summary of t h e  n a t u r a l  
frequency of t h e  t u r b i n e  b l ades  and d i s k  as w e l l  as t h e  e x c i t i n g  frequencies  
with t h r e e  t u r b i n e  nozzles  being used. The umbrella mode and t h e  two nodal 
diameter mode of t h e  d i s k  could be  e x c i t e d  by t h e  t h i r d  fundamental e x c i t a t i o n  
frequency. An i n t e r f e r e n c e  a x i a l  f i t  w a s  designed between t h e  load p i s t o n  and 
t h e  t u r b i n e  d i s k  t o  raise t h e  frequency of t h e  d i s k  and t o  provfde f r i c t i o n  
damping. 

A c r i t i ca l  speed a n a l y s i s  w a s  performed using Aerojet-General 
Computer Program No. 913. The r e s u l t s  of t h i s  a n a l y s i s  are shown on Figure 
No. 2. The c a l c u l a t e d  c r i t i c a l  speed of t h e  s h a f t  assembly i s  33,000 rpm f o r  
a bear ing s t i f f n e s s  of 1 x 106 l b / i n .  
above t h e  maximum ope ra t ing  speed of 10,000 rpm. 

This p l aces  t h e  c r i t i ca l  speed w e l l  

A stress a n a l y s i s  of t h e  c r i t i ca l  stress areas w a s  performed. I n  
general ,  i t  w a s  d e s i r a b l e  t o  minimize d e f l e c t i o n  which caused stress t o  b e  low 
i n  a l l  of t h e  major components. The c r i t i ca l  areas were i n  t h e  b o l t s  and 
f a s t e n e r s .  A summary of t h e  f a c t o r  of s a f e t y  of t h e  s t r u c t u r a l  b o l t s  under 
maximum load i s  shown on Table V.  De f l ec t ion  d a t a  f o r  t h e  c r i t i ca l  areas are 
shown on Table V I .  
and an u l t i m a t e  s t r e n g t h  f a c t o r  of s a f e t y  of 1.6 w e r e  e s t a b l i s h e d  f o r  

A minimum allowable y i e l d  s t r e n g t h  f a c t o r  of s a f e t y  of 1 . 2  
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TABLE I11 

THRUST BALANCE ASSEMBLY MATERL& SELECTXON 

CAST 347 o r  347 P l a t e  Housings 

S h a f t  AM 350 Bar 

Load P i s t o n  AL 7075 P l a t e  

Balance P i s t o n  AL 7075 P l a t e  

Bearings 

Turbine Disk 

Turbine Buckets 

Thrust  Bearing Housing Sprixlgs 

Thrust  Bearing Housing Spacers 

M i s  cel laneous P a r t s  

SAE 52100 

Waspalloy 

713 C 

5160 H.R. Spring S t e e l  

4130 P l a t e  

347 
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TABLE IV 

TURBINE VIBRATION ANALYSIS 

EXCITING FREQUENCIES (3 NOZZLES) 

1s t Fundamental 500 cps 
2nd Fundamental 
3rd Fundamental 

1000 cps 
1500 cps 

BLADE FREQUENCIES (BASED UPON TESTS)* 

1s t Fundamental 9100 cps 
2nd Fundamental 16,300 cps 

DISK FREQUENCIES (BASED UPON TESTS)** 

Two Nodal Diameter Mode 1345 eps 
Three Nodal Diameter Mode 1927 cps 
Umbrella Mode 1640 cps 

- NOTE: Force piston is designed with axial interference 
fit of 0.001-in. minimum to raise disk frequencies. 

*Aerojet-General Memorandum 9635:71-306, dated 26 May 1967, I. K. Hall t o  

**Aerojet-General Memorandum 9635:76-73, dated 26 April 1966, E. L. Kessler 
L. K. Severud 

to N. M. Hachigian 
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SHAFT CRITICAL SEED AS A FUNCTION OF BEARING STIFFNESS 
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TWLE V I  

DEFLECTION DATA FOR CRITICAL AREAS 

P a r t  - 
Thrust: Bearing Cage 

Load, lb 

3,000 

Def lecti,on, i n  

0.00026 7 

Thrust  Bear$ng Cage 5,000 0.000455 

Ball Bearing 3 , 000 0.001 

Balance P i s ton  36,635 0.00078 

Housing (High-pressure Side)  58 , 700 0.000885 
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pressure-loaded components based upon t h e  maximum ope ra t ing  p res su re .  
minimum allowable u l t i m a t e  s t r e n g t h  f a c t o r  of s a f e t y  of 1.84 was e s t a b l i s h e d  
f o r  b o l t s  c o n s t i t u t i n g  t h e  only load pa th  o r  t h e  f a i l u r e  of which would i n t e r -  
f e r e  with t h e  proper func t ion ing  o r  i n t e g r i t y  of t h e  test assembly. 

A 

B. STEADY-STATE MODEL AND COMPUTER PROGRAM 

Steady-state  mathematical models were r equ i r ed  t o  analyze t h e  flow 
i n  series and p a r a l l e l  flow t h r u s t  ba l ance r  c i r c u i t s  f o r  both compressible and 
incompressible f l u i d s .  A model which is  usab le  f o r  both subsonic compressible- 
and incompressible f l u i d s  w a s  developed and is a p p l i c a b l e  f o r  any p r o p e l l a n t  
i n  f u t u r e  s t u d i e s  by s u b s t i t u t i n g  appropr i a t e  t a b u l a r i z e d  f l u i d  p r o p e r t i e s  as 
inpu t .  Equations w e r e  der ived t h a t  are a p p l i c a b l e  f o r  e i t h e r  compressible o r  
incompressible flow. Fluid property t a b l e  i t e r a t i o n  techniques are used t o  
o b t a i n  t h e  f l u i d  p r o p e r t i e s  f o r  any s t a g e  of t h e  c i r c u i t .  

The ensuing d i scuss ion  desc r ibes  the schematic flow of t y p i c a l  
p a r a l l e l  and series flow test  conf igu ra t ions  as w e l l  as d e f i n e s  t h e  b a s i c  
equat ions r equ i r ed  f o r  t h e  va r ious  flow s t a g e s .  The dens i ty ,  v i s c o s i t y ,  
s p e c i f i c  h e a t ,  and bulk modulus used i n  a l l  of t h e  flow equat ions are obtained 
using an averaging c o e f f i c i e n t  ( input)  which permits  t h e  f l u i d  property t o  be 
s e l e c t e d  a t  any p o i n t  between i n l e t  and o u t l e t  condi t ions.  

Figure No. 3 shows a p a r a l l e l  flow, self-eompensatfng t h r u s t  
ba l ance r  test  assembly and i t s  as soc ia t ed  c i r c u i t r y .  Water is  suppl ied t o  t h e  
test  loop from a s e p a r a t e  pump flow c i r c u i t  and a t  a regulated p res su re  t o  t h e  
load p i s t o n  as w e l l  as t o  t h e  compensating supply o r i f i c e s  on each s i d e  of t h e  
balance p i s ton .  Return flow from both p i s t o n s  travels t o  the  s u c t i o n  s i d e  of 
t h e  supply pump. The gaseous n i t r o g e n  c i r c u i t r y  i s  i d e n t i c a l  except t h a t  a 
cascade system rep laces  the  f eed  pump and t h e  gas is  exhausted t o  atmosphere 
through back-pressure c o n t r o l l e r s .  

Figure No. 4 i l l u s t r a t e s  t h e  series flow system. The f l u i d  supply 
and r e t u r n  i s  i d e n t i c a l  t o  t h e  descr ibed p a r a l l e l  flow system except t h a t  f l u i d  
i s  supp l i ed  t o  one s i d e  of t h e  balance p i s t o n  only. The supply passages t o  the  
o t h e r  s i d e  are blocked. 

Only t h a t  p o r t i o n  of t h e  c i r c u i t s  included between PFS and PFPRI, 
PLS and PBPRI, as w e l l  as PHS and PBPRI, are included i n  t h e  mathematical model 
because these  po in t s  are the  c o n t r o l l e d  p re s su re  loca t ions .  

The following equat ions de f ine  the  va r ious  segments of t h e  
mathematical model. 
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1. FJow Through an O r i f i c e  

O r i f i c e  weight Flow can be deacrlbed by t h e  equat ion:  

der ived from the convenWma1 o r i f i c e  equation(1) 

where CR i s  the  f l u i d  proper ty  averaging c o e f f i c i e n t ,  

2. Lqminar F ~ Q F J  mrou 

Hydros ta t ic  bear ing theory i s  appl ied  tq descr ibe  the p r s s su re  
drop with laminar flow through a r a d i a l  s l o t .  
f o r  pressure  drop i s  

The f i n a l  fom of-the-equation 

The f i r s t  term i s  obtained by i n t e g r a t i n g  the equat ion(2)  
2 a = -  5 

dx g h  

where : 

(1) VennarbTJ," K..* 'Elementary F lu id  Mechanics, John Wiley & Sons 
(2) Pinkus, 0, and S t e r n l i c h t ,  B., Thegry 'of' Hydrodyrnamic-~u~slccation, 

McGraw-Hi l l  Book Co., 1961 

Inc. ,  1961 
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The last  term of t h e  f i n a l  equat ion is t h e  p re s su re  rise 
The which occurs with inc reas ing  r ad ius  caused by t h e  pumping e f f e c t ( 3 ) .  

c o e f f i c i e n t ,  K,  i s  def ined i n  t h e  d i scuss ion  p e r t a i n i n g  t o  r o t a t i o n a l  constants .  

3. Turbulent Flow Through a Radial  S l o t  ( S i l l )  

Hydrostat ic  bear ing theory a l s o  w a s  used t o  desc r ibe  t h e  flow 
c h a r a c t e r i s t i c s  of t u r b u l e n t  flow through a r a d i a l  s l o t ,  The f i n a l  form of t h e  
equat ion is: 

0.079 py,, W2-n (R:-n - R:-n) Sec 1-n 
I L  L I 

3 1-n 1-n 1-n P1 - P2 = 
Zn (2r)2-n Y12 h g (1-n) R2 R1 Ecc 

Eq. (3) 
Yl2 2 2 2 2 
2g 

K (R2 - R1 9 - -  

derived i n  t h e  same manner as t h e  equat ion f o r  laminar flow except t h e  f r i c t i o n  
f a c t o r  i s  def ined by 

0.079 f P- 

Ren 

and contains  a secan t  term defined a s (4 )  

Sec = 
Resul tant  Veloci ty  
Thtu Flow Velocity 

which c o r r e c t s  t h e  Reynolds number, R e ,  f o r  t he  r o t a t i o n a l  e f f e c t .  Also 
included is  a term, Ecc(5),  t o  c o r r e c t  f o r  mhalignment between t h e  f a c e  of 
t h e  p f s ton  and t h e  s t a t i o n a r y  w a l l .  Table V I 1  shows va lues  of Eec ve r sus  
e c c e n t r i c i t y  r a t i o  (e/h) where e i s  def ined as 1 /2  x T o t a l  Ind ica t ed  Runout. 
The values  f o r  ECG w e r e  obtained from published data(69,  

4.  Flu id  Rotat ion E f f e c t  

Ex i s t ing  technology was appl ied t o  p r e d i c t  t h e  p re s su re  d i s -  
t r i b u t i o n  caused by t h e  pumping e f f e c t  of f l u i d  r o t a t i o n  between a r o t a t i n g  
s u r f a c e  and a s t a t i o n a r y  su r face .  
empi r i ca l  equat ions f o r  t h e  r o t a t i o n a l  constant  (k) i n  t h e  equat ion f o r  p re s su re  
rise with inc reas ing  r ad ius  : 

An i n v e s t i g a t i o n  was conducted(79 t o  de r ive  

( 3 )  Young, W. E . ,  and Due, H. F., I n v e s t i g a t i o n  of Pressure P r e d i c t i o n  
Methods f o r  Radial  Flow Impel lers ,  Phase 11, F i n a l  Report PWA FR-1276, 
Contract NAS 8-5442, 8 March 1965 

Annulf of Five Clearance with and without Relative Motion of t h e  Boundaries," 
Trans. ASME, November 1955 

( 4 )  Tao, L.  N . ,  and Donovan, W. F., "Through-Flow i n  Concentric and Eccen t r i c  

(5) Ib id .  
(6) I b i d .  
(7) Young, W. E. ,  and Due, H. F., op. c i t .  
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Type 
Flow 

Laminar 

- 

Turbulent 

TABLE V I 1  

Ecc VERSUS ECCFNTRICIW RlbTX.0 

Eccentricity 
Ratio 

0.0 

0.2 
: %0,4 

0 .6  
0.8 

1.0 

0.0 
0.2 
0.4 

0.6 
0.8 

1.0 

Ecc 

1.000 
1.061 
1,243 
1.529 

1,929 
2.496 

*_3* 

1.000 
4.007 

1.063 

1.100 
1.186 

1.286 

- NOTE: Data on this  table were extracted from Reference No. 6. 
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2 ( 8 )  
P2 - Pl = - K2 w2 (R22 - Rl ) 

2g 

The r o t a t i o n a l  cons t an t  (K) f o r  outward flow with water as a 
test  f l u i d  i s  def ined by t h e  empi r i ca l  equat ion 

K = 0.578 - 4.11 $ - 
and f o r  inward flow by t h e  equat ion 

2 
K = 0.3865 + 95.3 4 

1.67 h 

R2 

R1 
- 12.6 0 (-1 

5 h  3 R 2 2  h - 9.17 x 10 41 (-) + 27.8 (-) (-) 
R1 R1 Rl 

2 3 R 2 4  h - 2.75 x 10 (-) (-1 
R1 R1 

h 3 
+ 6.51 x 10 (-) (-1 f 2.13 + O o 5  - 6,59 (~1)  4 R 2 6  h 

R, R, L L I 

where $ i s  t h e  flow c o e f f i c i e n t  def ined as t h e  r a t i o  of r a d i a l  v e l o c i t y  t o  
t a n g e n t i a l  v e l o c i t y  a t  t h e  p o i n t  of i n l e t  f o r  inward flow o r  a t  the po in t  of 
o u t l e t  (ou te r  per iphery of t h e  d i sk )  f o r  outward flow. 

5. S i l l  Entrance and E x i t  Losses 

Ex i s t ing  technology i s  app l i cab le  t o  develop equat ions f o r  
entrance and e x i t  l o s ses .  P re s su re  drop can be  represented by: 

der ived from t h e  r e l a t i o n s h i p  (9)  
2 (V1 - V2) 

2g 
HL = C  

- pl - p2 
HL - Y 

where 

W 
2 n y R h  V =  

(8) Ib id .  
(9) Vennard, J. K. ,  op. c i t .  
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6. Annulus Flow 

Pressure  drop f o r  flow of a f l u i d  thrwgh an axial-annulus 
can be represented  by 

der ived from t h e  r e l a t i o n s h i p  
(10) 

AP f L V2 Hz = 7 = 4"% 2g 

where t h e  hydrau l i c  rad iua  (RH) is  e q u i v a b n t  to  one-half of the, clearance (h) 
and t h e  f r i k t i o n  f a c t o r  becomes 

'F 

Ren 
f ii-cr 

7. Pressure  Drop i n  Lines Laminar Ffqw 

The preesure  loss f o r  laminar f l u i d  flow i n  t h e  lines can be  
represented by the  equat ion 

- "'12 w12 PI - P2 - 
" 4 

y12 

der ived from t h e  express ion( l1)  

where (12)  

AP fL V L  
2g 

6 4  f = -  
R e  

(10) Zbid. 
(11) Ibid .  
(12) Ib id .  
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8. P res su re  Drop i n  Lines - Turbulent Flow 

The p res su re  loss f o r  t u r b u l e n t  f low i n  l i n e s  i s  expressed 
by t h e  equation: 

der ived from t h e  

where (13) 

9. 

where 

der ived from t h e  

expression 

AP fL V2 = - = - -  
HL y D 2g 

f a -  cF 

Ren 

Pressure Loss  i n  a Labyrinth 

P res su re  l o s s  i n  a l a b y r i n t h  i s  def ined by the  equat ion 
n 

Eq. (9) - W' N (1-a) 
P1 - P2 - 2 2 2  

8 K g R  R h Y P 2  

2 K = C  

equat ion f o r  flow through a narrow r e s t r i c t i o n  

2g (Pl - P2) i y12 
Q = CA 

The t e r m  (1-a) r e p r e s e n t s  a c o r r e c t i o n  f o r  r e s i d u a l  energy 
presented by Geza Vermes(l4) where 

8.52 

+ 7.23 P-L 
h 

a =  - 

where P = P i t c h  
L = Width of s e a l i n g  p o i n t  
h = Clearance of s e a l i n g  p o i n t  

(13) Ib id .  
(14) Vermes, G. ,  "A F lu id  Mechanics Approach t o  t h e  Labyrinth Seal, Leakage 

Problem," ASME J o u r n a l  of Engineering for Power, A p r i l  1961, pp. 161-169 
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10. S t a t i c  S t i f f n e s s  

S t a t i c  stiEEness of t h e  balance piscon i q  def ined as the 
change .in load capac i ty  pe r  incremental  change i n  axial  p i s t o n  movemmt, The 
method used i n  t h i s  model t o  determine the  s t a t i c  s t i f f n e s s  f o r  any clearance- 
i s  t o  take t h e  d i f f e rence  between t h e  f o r c e s  of a po in t  gn saah s i d e  ~f the 
des i r ed  c learance  divided by t h e  d i f f e rence  i n  clearance between these  two 
poin ts .  This i s  represented by: 

- 
Fyt-~, , F m - l  

hm+l - hm-l  
S t a t i c  S t i f f n e s s  = 

11. Horsepower 

Equations f o r  horsepower were der ived from t;he common 
expressions f o r  shear  s t r e s s ( l 5 )  and torque,  

V 
Shear S t r e s s  = y = f p ,avg 

2 

where 

V = Average f l u i d  v e l o c i t y  
avg 

Moment M = Y A R  Eq.  (12) 
where y = Shear stress 

A = Area 
R = Moment a r m  

By subs t i t u t i cm and rearranging terms, the equat ions f o r  
torque become 

2 2 2 
F (R2 

4 Ren g 
@Vi3 

'm '('D avg ) - Rl )(RZ + R1> 
= 

M r a d i a l  s l o t  

2 2  
IT c Y(U, avg 1 R L  - m 

- .  

Mannulus Ren g 

(15') " Pinkus, Q., and ' S t e r n l i c h t ,  B . ,  op. c i t .  
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Horsepower i s  def ined by t h e  common equation: 

MN 
63,000 HP = 

12. Temperature R i s e  Caused by F r i c t i o n  

The temperature rise of t h e  f l u i d  caused by t h e  f r i c t i o n a l  
r e s i s t a n c e  i s  expressed by 

where 

3 2  2 ' 'm 'D12 (R2 - R1 ) 
AT (Radial  S l o t )  = 

24 Ren g J W C 
P 

R L  ' 'm 'D12 
AT (Axial  Annulus) = - 

c =  m 
Y =  

= 
'D 1 2  

R =  

Re = 

g =  
n =  

J =  

w =  
c =  
P 
L =  

12 Re" g J W C 
P 

Moment f r i c t i o n a l  c o e f f i c i e n t  - 0.316 

Weight d e n s i t y  - l b f i n .  

Average d i s k  t a n g e n t i a l  v e l o c i t y  - i n . / s e c  

Radius - i n .  

Average Reynolds number 

G r a v i t a t i o n a l  cons t an t  - 386 i n .  /sec 

Reynolds number c o e f f i c i e n t  (0 .43)  

Mechanical equ iva len t  of h e a t  - f t - l b /B tu  

Weight flow - l b f s e c  

S p e c i f i c  h e a t  - Btu/lb-OF 

Length - i n .  

3 

2 

equat ions f o r  
The equat ions f o r  h e a t  gene ra t ion  were derived from t h e  

f r i c t i o n a l  horsepower discussed previously i n  t h i s  r e p o r t .  

13. Force 

Force upon t h e  p i s t o n  is  obtained by i n t e g r a t i n g  t h e  p re s su re  
p r o f i l e  obtained from t h e  flow equat ions over t h e  app l i cab le  areas.. . The s i l ls  
are subdivided i n t o  a number of r i n g s  t o  minimize t h e  e r r o r  p re sen t  i n  t h e  
s impl i fy ing  assumption of a l i n e a r  p re s su re  rise o r  l o s s  with r ad ius .  
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Force upon a pocket i s  obtained from t h e  expression 

+ R:) Eq. (16) 2 2 Try12 2 2  4 
R1 4 g K12 a 'R2 - R2 F = P1 w (R2 - R1 1 + - -  

by i n t e g r a t i n g  t h e  equat ion f o r  p re s su re  d i s t r i b u t i o n  i n  a pocket over t h e  
l i m i t s  of t h e  r ad ius .  

Force f o r  each incremental  
t h e  expression 

F = P1 IT (RZ2 - R1 ) f 2n 
(P2 - P1) 

R2 - R1 
+ x  2 

r i n g  of t h e  s i l ls  is obtalned from 

which is  obtained by i n t e g r a t i n g  t h e  equat ion for pres su re  drop i n  t h e  s i l l  
between t h e  l i m i t s  of r a d i i ,  assuming a l i n e a r  p re s su re  drop wi th  radius .  By 
subdividing t h e  s i l l  i n t o  a number of r i n g s ,  t h e  e r r a r  of assuming a l inear 
p res su re  drop becomes n e g l i g i b l e .  

14. 

The s t eady- s t a t e  d i g i t a l  computer: program was designed w$ 
a subrout ine t 0  c a l c u l a t e  each type of flow equation. Subroutines algo were 
programmed.to determine t h e  f l u i d  p r o p e r t i e s  a t  any qtage using t a b l a  leeration 
techniques and f l u i d  property inpu t  t a b l e s .  This  technique pennies t h e  qser.t,o. 
write a s h o r t  main program f o r  any conf igu ra t ion  by c a l l i n g  wt t h e  e s t a b l i s h e d  
subrout ines  i n  t h e  proper sequence. 
Appendix A. 
l i s t i n g  and flow diagram, is  included i n  Appendix B .  

Appropriate nomenclature i s  de l inea ted  i n  
Complete d e t a i l s  of t he  computer program, inc lud iag  t h e  program 

C. DYNAMIC MODEL FORMULATION 

The dynamic model w a s  developed t o  desclribe t,he dyqmic behqvior 
of both t h e  series and p a r a l l e l  flow t h r u s t  balancer  systepls. 
r ep resen t  t h e  dynamics of t h e  supply and r e t u r n  lines, t h e  Lumped f l u i d  
parameters of t h e  balance and load p i s t o n  c i r c u i t s ,  t h e  r o t o r  mass, snd the 
mechanical s t i f f n e s s  as w e l l  as damping of the r o t g r  suppoats,  The dyrrm8c 
equat ions were der ived based upon t h e  s t eady- s t a t e  flow equat ions deaerlbsd 
i n  t h i s  r e p o r t ,  
determine v a l i d  approximations and modif icat ions necessary f o r  s imula t ion  on 
an analog computer. Complete d e t a i l s  of t h e  dynamic model formulation, 
i nc lud ing  d e r i v a t i o n  of t h e  equat ions and schematic diagrams of Che v@rlous 
networks, are included i n  Appendix C. 

The models 

The s i g n i f i c a n c e  of t h e  va r ious  parameters were @valuated t o  

Page 24 



D. PARAMETRIC STUDIES 

1. Steady-State 

The s t eady- s t a t e  d i g i t a l  computer program was used t o  conduct 
parametr ic  s t u d i e s  of series and p a r a l l e l  flow t h r u s t  balance systems with 
both water and gaseous n i t r o g e n  as t h e  test f l u i d s .  
t h e  va lues  assigned t o  each v a r i a b l e  parameter f o r  t h e  test  cases wi th  water i n  
a p a r a l l e l  flow and series flow system. 
gaseous n i t r o g e n  as t h e  f l u i d .  The s t u d i e s  inc lude  e f f e c t s  of v a r i a t i o n s  i n  
pocket depth,  s h a f t  speed, s i l l  l eng th ,  o r i f i c e  diameter ,  and p res su re .  The- 
e f f e c t s  of t h e s e  v a r i a t i o n s  are presented as a func t ion  of gap r a t i o ,  which i s  
def ined as t h e  a x i a l  c learance on t h e  low-pressure s i d e  of t h e  balance p i s t o n  
( l e f t  s i d e  as viewed on Figures No. 3 and No.  4 )  divided by t h e  t o t a l  balance 
p i s t o n  a x i a l  c learance.  

Tables V I 1 1  and I X  show 

Tables X and X I  show similar d a t a  using 

Figures No. 5 through No. 19 are parametr ic  p l o t s  of flow, 
fo rce ,  and s t a t i c  s t i f f n e s s  f o r  a p a r a l l e l  flow conf igu ra t ion  with water as 
t h e  f l u i d .  Pocket depth has  a n e g l i g i b l e  e f f e c t  upon n e t  flow, load capac i ty  
and s t i f f n e s s .  The s i l l  l eng th  has  a small e f f e c t  upon flow when the  flow i s  
decreased and t h e  s i l l  length is  increased.  The 0.500-in. s i l l  length appears 
t o  be  optimum because i t  shows h ighe r  load capac i ty  than e i t h e r  t h e  0.250-in.. 
s i l l  o r  t h e  0.750-in. s i l l .  I n  a d d i t i o n ,  i t  has h ighe r  s ta t ic  s t i f f n e s s  than 
t h e  0,250-in. s i l l  and approximately the  same s t i f f n e s s  as the  0.750411. s i l l  
a t  mid-position. 
sills. 

A t  low c l ea rances ,  s t a t i c  s t i f f n e s s  i s  h ighe r  with s h o r t e r  

Larger o r i f i c e s  have h ighe r  s t a t i c  s t i f f n e s s  and g r e a t e r  load 
ca r ry ing  c a p a b i l i t y .  
requirement. 

However, t hese  advantages are o f f s e t  by a h ighe r  flow 

Speed has  a s m a l l  e f f e c t ;  however, hfgher  speeds g e n e r a l l y  
r e q u i r e  lower flow and they g ive  h ighe r  load capac i ty  as w e l l  as g r e a t e r  s t a t i c  
s t i f f n e s s .  A t  h igh speeds and l a r g e  c l ea rances ,  i t  i s  p o s s i b l e  t o  have 
reverse flow through t h e  i n n e r  land even though t h e r e  is l i t t l e  change i n  n e t  
f low as r e l a t e d  t o  speed. The problem develops because a Parge p res su re  drop 
is  taken ac ross  t h e  compensating o r i f i c e  and t h e  pumping e f f e c t  of t h e  i n n e r  
s i l l  i s  g r e a t e r  than t h e  remaining a v a i l a b l e  p re s su re  drop. 
matical model and computer program is no t  programmed t o  handle cases with t h i s  
reverse flow. 

The c u r r e n t  mathe- 

Higher supply p re s su res  g ive  h ighe r  l oad  capac i ty  and g r e a t e r  
s ta t ic  s t i f f n e s s .  However, t h e s e  advantages are o f f s e t  by h ighe r  flow require-  
ments a t  t h e  increased p res su re .  

P l o t s  of t h e  series flow parametr ic  s t u d i e s  wi th  water are 
shown on Figures  No. 20 through No. 3 4 .  
obtained with t h e  p a r a l l e l  p i s t o n  except speed has  more e f f e c t  than was evident  
with the  p a r a l l e l  p i s ton .  
load capac i ty ,  and lower s t a t i c  s t i f f n e s s .  

The r e s u l t s  are s i m i l a r  t o  t hose  

Higher speeds have lower flow requirements,  lower 
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Pocket depth shows a n e g l i g i b l e  e f f e c t .  

S i l l  l ength  has  a s m a l l  e f f e c t  upon flow u n t i l  t h e  priston- 
moves c l o s e  t o  t h e  supply o r i f i c e  s i d e  where longer  sills decrease  t h e  flow. 
The longer sill  a l s o  shows h igher  load  c a p a b i l i t y  and h ighe r  s ta t ic  stiffness. 

The o r i f i c e  diameter has  a l a r g e  effect upon a l l  of t h e  
parameters s tud ied .  As t h e  o r i f i c e  s i z e  i s  made l a r g e r ,  t h e  load capac i ty  
and s ta t ic  s t i f f n e s s  inc rease  and t h e r e  is a penal ty  of a g r e a t e r  f low Irate;, 

The flow, load capac i ty ,  and s ta t ic  s t i f f n e s a  increase as 
pressure  becomes g rea t e r .  

Figures No. 35 through No.  49 show parametr ic  p l o t s  of  a 
p a r a l l e l  flow conf igura t ion  wi th  gaseous n i t rogen  as t h e  test f l u i d .  

Evaluat ion of t hese  parametr ic  p l o t s  show pocket depth- and- 
speed have a n e g l i g i b l e  e f f e c t  upon fo rce ,  s ta t ic  s t i f f n e s s , - a n d  flow. 
a l l  parameters s tud ied ,  o r i f i c e  s i z e  and pressure  level have t h e  laost effectl 
Larger o r i f i c e s  and h igher  pressures  g ive  g r e a t e r  laads  and s ta t ic  stLE€nessf 
however, these  advantages must be weighed aga ins t  h igher  f3ow rates t o  select 
t h e  b e s t  conf igura t ion  f o r  a s p e c i f i c  app l i ca t ion .  
s t i f f n e s s  curves i n d i c a t e s  a smaller t o t a l  gap would be d e s i r a b l e  t o  decrease 
the  f l a t  curve po r t ion  observed near t h e  mid-position. 
gap, s t i f f n e s s  would increase faster as t h e  p i s ton  moved away from m%d-pos.ft;ion. 

Of 

The shape o f  t h e  s ta t - le  

With a smaller t o t a l  

The series flow parametr ic  p l o t s  f o r  gaseous n i t rogen  are 
shown on Figures N o .  50 through No. 6 4 .  

The r e s u l t s  obtained i n  t h i s  parametr ic  s tudy are siznf. 
those obtained with the  p a r a l l e l  case except t h a t  t h i s  conf igura t ion  is 
symmetrical about t he  mid-position. The series conf igura t ion  r squi rea- ' a -  cgn- 
s t a n t  b iased  load and could become uns tab le  a t  low loads.  
as t h e  gap decreases on t h e  supply o r i f i c e  s i d e  of t h e  balance p i s ton .  
condi t ion i s  present  i n  a high-loaded case.  
are des i red  t o  ob ta in  high load capaci ty  and high s t a t i c  s t i f f n e s s .  These 
f e a t u r e s  must be  weighed aga ins t  t h e  g r e a t e r  flow requi red  with l a r g e r  o r i f i c e s  
and higher  pressure .  

Flow lessens pap-idly 
This 

Large o r i f i c e s  and higher  praqsusm 

2.  Dynamic 

The analog computer parametr ic  s tudy  w a s  performed f o r  each. 
of t h e  four  b a s i c  t h r u s t  balancer  conf igura t ions .  For each of t h e  b a s i c  
conf igura t ions ,  t h e  e f f e c t  upon the  dynamic response caused by variations i n  . 

p i s ton  s i l l  width,  p i s ton  pocket depth,  and i n l e t  ori e diameter was studied,- 
The ensuing d iscuss ion  is a b r i e f  summary of t h e  r e s u l t s  obtained from t h e  
analog computer s tudy.  
recordings are included i n  Appendix C. 

Complete d e t a i l s  as w e l l  as the  graphs of t h e  analog 

Page 46 



Page 47 

r. 
I ,-- 





I 
4 

I 4 
X '"I 3XOd NOJSId 33NMVE &3N 

R 

Page 49 



IT 





w 

Page 52 

,' 



a 
3 
F 

a m 9 4 N 0 M -a a fo 

I I I u i 3  I I 4 
m x 'Kf / 'Kf SSzINrnJIS 31 

z 
H 

9- 

a 
I I I 

0 M 4 a fo N m 9 4 4 I I 

m x "NI / 'Kf smm;Ls 3I;LY&S 
9- 

m 
d 

Page 53 

-J 



Q) 

d 2 -? 
0 

=3 h a 
M 

e3 m 

4 I 
Q, 

1 

Page 64 



i 

- 4 - 4  

z H 

Page 55 
r' 

I 



M 
n 

Page 56 



0 

z 
R B E ?  

/ 9 

Page 57 

LL. 



a st O 3 so 
I-! 

0 A N 

page 58 



i 
i 

-i I 

. - .] 

-I 

-1 ' I  

7 ,  . i  
I 
I 

.- i 

Page 59 

'4 J 



0 eq \o 4 (v 0 
P I  3 N ;t Q (0 

I I I I 

Page 60 
rc 



a 4 N 0 N it 
I I 

SS3NUIJs 3I&Y&S o'c x 'NI / '€PI 9- 

0 fo \o 
rl 

0 rl \o do 
I I 

I 

dt N 0 N -3 
I I 

S r n r n & S  3I&V&S 01: x 'NI / *€PI 9- 

a \o tD 

I 
I I 

I /  ,: Page 61 



nUrZsIg t h e  incompressi,ble paralle2,  conf3guration s tudy, .  the- . 
p i s t o n  arJlll widt;h was sac a t  O.ZS-in,, 0.50-in,, and 0;75-in, 
t h e s e  s i l l  wi,dt;hs, the, &nlet o r i f i e a  was va r i ed  froq O,l-ia, t o  Q.17-fp, an&-- 
t h e  p i s t q n  pockat: from 0,025-in. $0 O.P~-in, 
showed t h e  $ncontpressible p a r a l l e l  ba laqcer  t c l  be  qvite k m e n s l t i v e  bo panmter- 
variat$qrrs* in s t ance ,  TLZE each case, t h e  response t o - 8  e t s p  in forca~pis4xm 
in le t ;  prtwwmt~ r e s u l t e d  i n  approximafdy a 10% overshovc % i r i . p i s t o n  &tspPacement 
and some damped o s c i l l a t l s n s  (aRproxiwtaly 700 cps) of InCcisrnal balancer  
pressures .  

For each o f  

The rdtsults from t h i s  study- 

For t hQ Pnwmpressible eeriers canfigurat%on s tudy  
paramqters cctnwistad o f  a s i l l  width 0% 0.5-in., a pack@C depth o f  O.OS-in.., 
and an in lef  o r i f i c e  diameter o f  0 , l - in .  These paraprateas were tzheml vaxbedtl-. 
both h igher  and Jowar thaq thesa  vaauas- A change i n  2nZet. o r i f i ce :d i ame te r .  
from 0.1-in- t o  0.2-in. r apu l t ed  i n  an increase Zn pZstarr displaommnt avershw.r; 
from 0% eo 25% during a s t e p  decrtaase i n  force p i s t o n  2n2et pressure. .  Changers 
i n  sill. widths t o  0,ZM-n.  and 0.7S-in. r e su lQsd  i n  n e g l i g i b l e  responae-c,Fanps.  
An increqse  i n  pocket dep%h $9 O.l-in. increased  t h e  d l s p l s ~ e m ~ ~ t - o v ~ r ~ h o a t -  EFcm 
0% to 6.X. 
ins t ;ab l l iey  and appe.ared t o  ba q q i t e  i n s e n s i t i v e  t o  parameter changes-., 

Sn genera l ,  t h e  ser5es ineompressib2e balancer s h a w s d m  evidence o f  

The compressfhle p a r a l l e l  confZguraC2on study includsd. balancer . 

However, most o f  t h e  s tudy was accomplished 
pressure  ranges of from 1000 ps$, t o  500 p s i ,  400 p s i  to 200 p s i ,  and 200 p s i  t o  
100 p a l  batween in le t :  and discharge.  
i n  t h e  400 p s i  t30 200 p s i  range. 

The b r i e f  s tudy  conducted of the, ba lancer  Pa the kOQ0 p s i  t o  
500 p s i  range showed t h e  system to  ba st&de. 
t i o n s  oE approximately 750 cps were observed. 

flqwever, some low damp-ed-e)acilla- 

I n  Che 400 p s i  to 2QO psS range,, a nr;vmSnal .se f -parameters- I 

was presaribEd as 0.5-in. sit1 width,  0.91-in. pocket depth,  0.1-in. o r i e i c e  
diameeer. 
wi th  low damped oscillation of approximately 720 ~ps. 
diatnebm t o  9.2-112. r e s u l t e d  i n  an i n s t q b i l i t y  a t  740 cps. 
r e s v l t e d  when t h e  displacement was approx&mately Q.004-Sn. 
width and pocket depth produced no pronounced change in-syafem-operat ion.  

These nominal waluos r e su l t ed  i n  8 s t a b l e  bu t  l i g h t l y  damped systsm: 
Pacrsasfng t h e  w i f 4 c e  

f i e  imta ib%l i . t y - -  
Charig%ng-the s i l l  

The s tudy of t h e  system i n  thc 200 p s i  t o  100 ps3 range showed 
t h e  system tQ bg unsmbla ,  
parameter stxcly. 

SfabiS-ity could not; be obtained during a b r i e f  

The aomprsssib2e series conf igura t ion  -study was Garried out  - 
for a balancer  pressure  range of from 400 p s i  t o  200 psl, beeween-the 
o u t l e t .  Approximately t h e  same,parameter var ia t2ons  .were made as du 
compressible. p a r a l l e l  s tudy.  
0.01-in., and a 0 , l - h .  diameter i n l e t  o r i f i c e ,  t h e  system was found t o  be  
s t a b l e  over t h e  complete opera t ing  range. 

With a s i l l  width o f  0.5-in., a pooket depfh. of ,  

When t h e  in le t :  q r i f g c e  diameter was 
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increased t o  0.15-in., t h e  systems became uns t ab le  when t h e  p i s t o n  displaeernerrt 
became g r e a t e r  than 0.003-in. from mid-point p o s i t i o n .  
i n l e t  o r i f i c e  diameter t o  0.2-in., t h e  uns t ab le  boundary moves down t;o a dis-  
placement va lue  of 0.002-in. 

With an i n c r e a s e  i n  

. I  

Increasing t h e  pocket depth from 0.01-in. t o  0.02-in. with 
a 0.5-in. s i l l  and a 0.1-in. i n l e t  o r i f i c e  r e s u l t s  i n  an i n s t a b i l i t y  f o r  d i s -  
placements above 0.0045-in. from cen te r .  

The dynamic response obtained f o r  t h e  system wi th  a 
s i l l  width was similar t o  t h a t  f o r  t h e  0.5-in. one. 
t o  0.75-in. r e s u l t e d  i n  some l i m i t  cyc l e s  a t  a p i s t o n  displacement of 0.0025411. 
from c e n t e r .  

Increasing t h e  s i l l  width 

I n  gene ra l ,  t h e  analog compucer parameter s tudy showed t h e  
incompressible ba l ance r s  t o  be  very s t a b l e  and q u i t e  Snsensf t fve t o  parameter 
changes. The compressible conf igu ra t ions  w e r e  found t o  b e  much less s t a b l e  
and r a t h e r  s e n s i t i v e  t o  c e r t a i n  parameter changes. 
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I V .  CONC&U$ION$ AND RECOMMENDATIONS 

These conelusions and recommendations are pre l iminary  ones only, based 
upon t h e  results o f  Phase I. 
t e s t i n g  r e s u l t s .  

They remain sub jec t  tQ verification by tbe Phase IZ 

The steady-sqate an4 analog parametr ic  s t u d i e s  show the  test  assembly 
design t o  b e  q u i t e  s t a b l e  wi th  both water and gaseous n i t rogen  when operat ing 
a t  or  near the desigp p res su re  of 1000 ps i .  
conf igura t ions  were extremely s t a b l e  for a wide range of pammeter v a r i a t i o n s  
using water as the f l u i d .  
series conf igura t ion  analog s tudy a t  approximately 700 cps. 

Both t h e  series and p a r a l l e l -  

Some h;igh%y damped o s c i l l a t i o n s  were observed i n  the 

A t  low opera t ing  pressures  and with l a r g e  compensating o r i f i c e s ,  both 
t h e  series and p a r a l l e l  conf igura t ions  showed i n s t a b i l i t y  with gaseous-nlerogem- 
as t h e  f l u i d .  O s c i l l a t i o n s  a t  720 cps t a  740 cps were evident  t he .  pa ra lZe l  
f low case with operacing pressures  below 400 p s i  and an o r i f i c e  diameter of 
0.2-in, This occurred when t h e  p i s t o n  w a s  d i sp laced  0.004-in. from mid-posAtion, 

Tho series flow conf igura t ion  a l s o  became uns t ab le  a t  operatgng pressures  
Thes occurred at: a displacement below 400 p s i  wi th  an i n l e t  o r i f i c e  of O.15-in. 

of-0.003-in.  from the  mid-position. 

V e r i f i c a t i o n  of t h e  r e s u l t s  obtained from t h e  p a r a m e t r h  ana lys i s -wi l l  
be accomplished in Phase I1 of t h i s  program. Tests w i l l  be  eronducted t o  v e r i f y  
t h e  flow and p res su re  p r o f l l e  c a l c u l a t i o n s  as wel l -as  t o  v e r i f y  t h e  dynamic 
s t a b i l i t y .  It i s  recommended t h a t  tests be conducted fo r  a range of -speeds-and .  
pressures  wi th  varying s i l l  lengths ,  pocket depths,  and orif-ices,. Berth serrlae-- 

a l l e l  cQnfigurations w i l l  be t e s t e d  i n  water and gaseous nitrogen., - 
Fur ther ,  a stat is t ical  approach i s  recommended f o r  parameter var ia tZons during 
t e s t i n g  
computer programs and parametr ic  s t u d i e s .  

minimize the  number of tests t h a t  m w t  be conducted Co v e r i f y  t h a  
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APPENDIX A 

NOMENCLATURE 

A -  

c -  

GP - 
D -  
f -  
F -  

g -  
h -  
H -  

J -  
K -  

L -  

M -  
n -  
N -  
P -  

Q -  
R -  

Re - 
T -  
u -  
v -  
w -  
1 - 1 -  

w -  

Y -  

2 Area - in. 
Dimensionless coefficient 
Specific heat at constant pressure - Btu/lb OF 
Diameter - in. 
Friction factor 
Force - lb 
Gravitational constant - 386 in. /sec 
Clearance - in. 
Head of liquid - ft: 
Mechanical equivalent of heat - 778 ft lb/Btu 
Rotational constant - dimensionless 
Length - in. 
Torque - in. /Ib 
Reynolds Number coefficient 
Number of lines or  lands - dimensionless or revolutions-per-minute - rpm 
Pressure - lb/in. 
Volumetric flow rate - in.’/sec 
Radius - in. 
Reynolds Number 
Temperature - Degree Rankine 
Tangential velocity - in./sec 
Through flow velocity - in. /sec 
Weight Flow - lb/sec 
Absolute viscosity - lb Sec/in.2 
Angular velocity - radians/sec 
Weight density - lb/in. 

2 

2 

3 

SUBSCRIPTS 

1,2, ----e tc. Statim Location 

D Point on Rotating Disk 

avg . Average 
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APPENDIX B 

STEADY-STATE COMPUTER PROGRAM 

The information contained i n  t h i s  appendix i s  based upon t h a t  
compiled f o r  t h e  "Users Manual, S e r i e s  and P a r a l l e l  Thrust  System, 
Program E21902" by M. J. Gerber, Aerojet-General Computing 
Sciences,  1 A p r i l  1968 
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I. INTRODUCTION 

Program E21902 was w r i t t e n  f o r  t h e  parametr ic  a n a l y s i s  of t h e  steady- 
state, incompressible,  subsonic compressible f l u i d  flow of series and p a r a l l e l  
self-compensating axial t h r u s t  balance systems. The Inpu t  f o r  Thrust  Balancer 
S t a b i l i t y  Program is  provided as Attachment A t o  t h i s  appendix while  t h e  Flow 
Charts and Program L i s t i n g  are included as Attachments B and C ,  r e spec t ive ly .  

11. STATEMENT OF .PROBLEM 

Figure No. B - l ’ i s  a schematic flow diagram of t h e  p a r a l l e l  flow self- 
compensating test assembly and a s soc ia t ed  c i r c u i t r y  t o  be  analyzed i n  t h i s  
program. Fluid,  which is suppl ied t o  t h e  test loop from a sepa ra fe  pump flow 
c i r c u i t ,  runs from an accumulator t o  t h e  load  p i s t o n  and t o  both t h e  low- 
p res su re  s i d e  and t h e  high-pressure s i d e  of t he  balance p i s ton .  
r e tu rned  from both p i s t o n s  t o  t h e  pump s u c t i o n  c i r c u i t .  

Flow is  

Figure No. B-2 is a schematic flow diagram of t h e  series flow test  
assembly. The f l u i d  supply and r e t u r n  are similar t o  t h a t  of t h e  p a r a l l e l  
flow system. However, flow t o  the  balance p i s t o n  is suppl ied t o  t h e  high- 
p re s su re  s i d e  and then,  i n  series, from t h e  high-pressure s i d e  t o  the  low- 
p res su re  s i d e  be fo re  r e t u r n i n g  t o  t h e  supply pump s u c t i o n  c i r c u i t .  

Figures  No. B-3 and No. B-4 are block schematic diagrams of t h e  mathe- 
matical models f o r  t h e  p a r a l l e l  flow and series flow systems, r e s p e c t i v e l y .  
The program considers  only t h a t  p o r t i o n  of t h e  c i r c u i t s  included between pres- 
s u r e s  PFS and p res su res  PFPRl and PFC2 f o r  t he  load  p i s ton ;  PLS and PBPRl f o r  
t h e  low-pressure s i d e  of t h e  balance p i s ton ;  and PHS and PBPRl f o r  t h e  high- 
p re s su re  s i d e  of t h e  balance p i s t o n .  

111, METHOD OF SOLUTION 

Analysis of t h e  balance system begins with t h e  balance p i s ton .  
cons t an t  e c c e n t r i c i t y ,  s h a f t  speed, supply p re s su re ,  and r e t u r n  p re s su re ,  a 
range of clearances on t h e  low-pressure s i l l  are considered wi th  t h e  t o t a l  
s i l l  c l ea rance  hold constant .  A t  each clearance,  t h e  f l u i d  p r o p e r t i e s  are 
ca l cu la t ed ,  based upon inpu t  property t a b l e s ,  t h e  f o r c e s ,  and t h e  horsepower. 
Then, t h e  s t i f f n e s s  is ca l cu la t ed  €or the  range of c learances.  The f o r c e  
p i s t o n  is c a l c u l a t e d  last  with successive c a l c u l a t i o n s  of p r o p e r t i e s ,  f o r c e s ,  
and horsepower made f o r  a range of supply p re s su res .  

A t  

TQ solve f o r  t h e  p re s su re  and flow va lues  of t h e  balance p i s t o n ,  an 
approximgtitp of  the p res su re  drop ac ross  the  o r i f i c e  is made and the o r i f i c e  
equation4 are solved f o r  t h e  f i rs t  flow value.  Then, t h i s  flow is  used t o  
s o l v e  a l l  p re s su re  drops i n  t h e  series flow case. For p a r a l l e l  flow, the  
o r i f i c e  flow i s  a r b i t r a r i l y  s p l i t  between outward and inward flow using t h e  
ratio of t h e  average s i l l  r a d i u s  t o  t h e  sum of t h e  average r a d i i  of both s i l ls .  
Pxessure drops through t h e  system are ca lcy la t ed  t o  ob ta in  a value f o r  r e t u r n  
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pressure  i n  each sepa ra t e  flow loop. 
supply pressure and r e t u r n  pressure  i s  compared t o  input; values .  
t h e  ca l cu la t ed  va lues  exceed l i m i t s  set by t h e  input  da t a ,  over -a l l  flow 
c o e f f i c i e n t s  are ca l cu la t ed  based upon ca l cu la t ed  p res su re  drops. Thme 
c o e f f i c i e n t s  are used wi th  t h e  a c t u a l  a v a i l a b l e  p re s su re  drop t o  ob ta in  the  
next  approximation of flow i n  a l l  of the  flow loops. The s i l l  lands  are 
divided Anto r h g s  t o  permit assuming a l i n e a r  pressure  g rad ien t  with t h e  
r ad ius  on each r i n g  f o r  t h e  f o r c e  ca l cu la t ions .  Reynolds Number $,s ca lcu la t ed  
throughout t h e  flow c i r c u t t  t o  eva lua te  whether t he  flow As laminar or turbu- 
l e n t  f o r  s e l e c t i o n  of t h e  appropr ia te  flow equat ions and c o e f f i c i e n t s .  

The ca l cu la t ed  pressure  drop between 
I f  any of 

To solve f o r  t h e  pressure  and flow values of t he  load p i s t o n ,  an 
approximation f o r  t h e  pressure  drop across  t h e  o r i f i c e s  is again made t o  
determine the  f i r s t  supply flow value.  Then, t h i s  flow is  used t o  so lve  the 
pressure  drops i n  the pocket and p i s ton  l abyr in th .  
s u r e  and t h e  r e t u r n  pressures  determine t h e  r e t u r n  flows. The ca l cu la t ed  
supply flow value is compared wi th  t h e  t o t a l  r e tu rn  flow. I f  t h e  d i f f e rence  
exceeds l i m i t s  set by t h e  inpu t  da t a ,  an approximation f o r  the  p i s t o n  laby- 
r i n t h  pressure  is  ca l cu la t ed  based upon ca lcu la ted  flows, Then, &he supply 
flow c o e f f i c i e n t s  are used wi th  the  l a b y r i n t h  pressure  approTimation t o  eaJLcu- 
late the  next  o r i f i c e  pressure  drop approximation. 

The p i s ton  l a b y r i n t h  pres- 

IV. RESTRICTIONS 

In  Program E21902, t he  s ize  of t h e  input  problem i s  r e s t r i c t e d  z;o t h e  
following : 

- The number o f  c learance  increments on the  low pressure  s i l k  

- The number of s i l l  lands has  a maximum of 20. 

- The maximum t a b l e  s i z e  is  30 x 30 f o r  each f l v i d  property.  

has  a maximum of 20. 

v. ERRORS 

The following e r r o r s  generate  an e r r o r  message and the l i s t e d  change QE 
program flow: 

I f  t h e  i n t e r p o l a t i o n  rour ines  f o r  t he  f l u i d  proper ly  t a b l e s  are c a l l e d  
with pressures  o r  temperatures ou t s ide  t h e  t a b l e  ran$es,  an e r r o r  message Is 
p r in t ed  and 

- t h e  nearest t a b l e  value is  used i f  less than f i v e  such e r r o r s  
have occurred f o r  the  cu r ren t  c learance  of t h e  balance p i s ton  
o r  f o r  t h e  cu r ren t  supply pressure  of t he  load p i s ton ,  o r  

- t h e  cu r ren t  c learance  o r  supply pressure c a l c u l a t i o n  is by-passed 
and c a l c u l a t i o n  is begun on t h e  next  c learance  o r  supply pressure  
i f  f i v e  o r  more such e r r o r s  have occurred. 
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If proper ty  p re s su re  o r  flow i t e r a t i o n s  do not  y i e l d  convergence i n  t h e  
maximum number of i t e r a t i o n s  as s p e c i f i e d  by the  i n p u t ,  an e r r o r  message is  
p r i n t e d  and the  c u r r e n t  c learance  c a l c u l a t i o n  of t h e  balance p i s t o n  o r  t he  
c u r r e n t  supply p re s su re  c a l c u l a t i o n  of t h e  load p i s t o n  is  bypassed and calcu- 
l a t i o n  is begun on the  next  clearance o r  supply pressure .  

V I .  OPERATING INSTRUCTIONS 

The program was w r i t t e n  f o r  t h e  IBM 3 6 0 / 6 5 .  No s p e c i a l  tapes o r  
opera t ing  procedures are requi red ,  

VII. DECK SET-UP 

Mult ip le  input  cases can be executed i n  one computer run by s t ack ing  
t h e  complete inpu t  card set f o r  one case behind the  previous case. 
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ATTACHMENT A 

(APPENDIX B) 

INPUT FOR THRUST BALANCER STABILITY P R O G W  
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Card Column Format 

INPUT COMMON TO ALL CASE TYPES 

- 

1 1-72 

2 1- 6 

7-12 

13-18 

19-24 

25-30 

31-36 

37-42 

43-48 

49-54 

55-60 

3 1- 1 2  

13-24 

25-36 

37-48 

49-60 

61-72 

Alphanumeric 

I n t e g e r  

I n t e g e r  

I n t e g e r  

Ingeger  

I n t e g e r  

I n t e g e r  

I n t e g e r  

In t ege r  

In t ege r  

I n t e g e r  

D e c i m a l  

D e c i m a l  

D e c i m a l  

D e c i m a l  

D e c i m a l  

D e c i m a l  

Variable  and Def in i t i on  

TITLE ( I )  = case t i t le  

IPRES = 0, i f  compressible flow 

IBAL = 0 ,  i f  p a r a l l e l  p i s t o n  

NH = number of c learance  increments (220) 

ITERC = maximum number of i t e r a t i o n s  on 
subrou t ine  p re s su re  c a l c u l a t i o n  

ITERP = maximum number of i t e r a t i o n s  on 
p r o p e r t i e s  p re s su re  f o r  p a r a l l e l  and f o r c e  
p i s  ton 

NTLAM = number of EL va lues  i n  laminar flow 
rate r a t i o  t a b l e  (maximum 40) 

NTTUR = number of EL va lues  i n  tu rbu len t  
flow rate r a t i o  t a b l e  (maximum 40) 

ISEAL = 0 ,  i f  seal, and 1, i f  l a b y r i n t h  

I K I N  = 0 ,  i f  r o t a t i o n  f a c t o r s  ca l cu la t ed  
i n  pockets and s i l ls  1, i f  r o t a t i o n  f a c t o r s  
i npu t  

ITABLE = 0 ,  i f  p roper ty  t a b l e s  not  i npu t  
(prev ious ly  inpu t  property t a b l e s  used) 

a run must i npu t  t a b l e s )  

1, i f  incompressible  flow 

1, i f  series p i s t o n  

= 1, i f  t a b l e s  input  ( f i r s t  case of 

HT = t o t a l  c learance  ( in . )  

HPlIN = minimum s i l l  Clearance c a l c u l a t i o n  
p o i n t  ( i n . )  

HMAX = maximum sill c learance  c a l c u l a t i o n  
p o i n t  ( i n . )  

HDLP = c learance  d i f f e r e n c e  between low- 
p res su re  pocket depth HLP a t  o r i f i c e  and 
depth HL7 of low-pressure o u t e r  land ( in . )  

DHL = d e f l e c t i o n  on low-pressure s i d e  from 
i n n e r  land  depth HL3 t o  o u t e r  land depth ( in . )  

HDHP = c learance  d i f f e r e n c e  between high- 
p re s su re  s i d e  pocket depth HHP a t  o r i f i c e  and 
o u t e r  l and  depth HH7 ( i n . )  
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Card Column Format Var iab le  and D e f i n i t i o n  
__c_ 

4 1-12 D e c i m a l  XNRPM = r o t a t i o n a l  speed (rpm) 

13-24 Decimal ECC = runout ( in . )  

25-36 Decimal PATM = atmospheric p re s su re  (lb/ln.**2) 

37-48 

49-60 

61-72 

5 1-12 

13-24 

25-36 

37-48 

6 1-12 

13-24 

25-36 

37-48 

49-60 

61-72 

D e c i m a l  

Decimal 

Decimal 

D e e i m a l  

D e c i m a l  

Decimal 

Decimal 

D e c i m a l  

Decimal 

Decimal 

Decimal 

Decimal 

Decimal 

C 1  = c losu re  on subrout ine  pressure  calcula- 
t i o n s  ( r e l a t i v e  e r r o r )  

CLOS = c losu re  on p r o p e r t i e s  pressure  

C 1 1  = pocket p re s su re  approximation f a c t o r  

XKRING - f a c t o r  f o r  c a l c u l a t i n g  r ings  i n  
s i l l  ( l / i n . )  (N = 2*(R2-Rl/(R2+R1) ‘XKRTNG 4-11 
CR = averaging cons tan t  f o r  f l u i d  p r o p e r t i e s  

CMwlpl=  laminar moment f r a c t i o n  f a c t o r  cons tan t  

NMLAM = laminar moment f r a c t i o n  f a c t o r  exponent 

CMTUR = t u rbu len t  moment f r a c t i o n  f a c t o r  
cons tan t  

NMTUR = t u rbu len t  moment f r a c t o r  f a c t o r  
exponent 

CFLAM = laminar flow f r a c t i o n  f a c t o r  constant 
NFLAM = laminar flow f r a c t i o n  f a c t o r  exponent 
CFTUR = t u rbu len t  flow f r a c t i o n  €actor 
cons tan t  

NFTUR = t u rbu len t  f l o w  f r a c t i o n  f a c t o r  
exponent 

Repeat card 7 u n t i l  NTLAM values  of EL and FRL have been suppl ied ,  

7 I- 1 2  D e c i m a l  EL(1) = laminar e c c e n t r i c i t y  r a t i o  t a b l e  value 
13-24 Decimal FRL(1) = laminar f lowra te  r a t i o  f o r  EL(1) 

25-36 D e c i m a l  EL(2) 

37-48 Decimal FRL(2) 

49-60 Decimal EL ( 3 )  

61-72 Decimal FRL(3) 

Repeat card 8 u n t i l  NTTUR values  of ET and FRT have been suppl ied.  

8 1-12 Decimal ET(1) = t u rbu len t  e c c e n t r i c i t y  ratio t a b l e  
value 

13-24 Decimal FRT(1) = t u rbu len t  f lowra te  r a t i o  f o r  ET(1) 
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Card Column Format Variable  and D e f i n i t i o n  

8 (cont.)  

- 

25-36 Decimal ET (2) 

37-48 D e c i m a l  FRT ( 2) 

49-60 Decimal ET(3) 

61-72 Decimal FRT (3) 

INPUT OF FLUID PROPERTY TABLES 

Delete Cards 9-24 i f  I Table (Card 2) = 0. 

9 1-6 I n t e g e r  NPDENS = number of p re s su re  values i n  
dens i ty  t a b l e  (maximum of 30) 

dens i ty  t a b l e  (maximum of 30) 

s p e c i f i c  h e a t  t a b l e  (30 maximum) 

i n  s p e c i f i c  h e a t  t a b l e  (30 maximum) 

v i s c o s i t y  t a b l e  (30 maximum) 

v i s c o s i t y  t a b l e  (30 maximum) 

7-12 I n t e g e r  NTDENS = number of temperature values  i n  

13-18 I n t e g e r  NPHEAT = number of p re s su re  va lues  i n  

19-24 I n t e g e r  NTHEAT = number of temperature values  

25-30 I n t e g e r  NPVISC = number of p r e s s u r e . v a l u e s  i n  

31-36 I n t e g e r  NTVISC = number of temperature values  i n  

37-42 I n t e g e r  NETEMP = number of entropy values i n  
temperature t a b l e  (maximum of 30) 

43-48 I n t e g e r  NTTEMP = number of temperature. values  
i n  temperature t a b l e  (maximum of 30) 

49-54 I n t e g e r  NPBULK = number of p re s su re  values  fn 
bulk modulus t a b l e  (maximum o f -  30) 

55-60 I n t e g e r  NTBULK = number of temperature va lues  
i n  bulk modulus t a b l e  (maximum of 30) 

Repeat card 10 u n t i l  NPDENS values  have been suppl ied,  

10 1- 12 Decimal PDENS(1) = pres su re  value f o r  dens i ty  
t a b l e  ( p s i a )  

13-24 Decimal PDENS (2) 

25-36 D e c i m a l  PDENS (3) 

37-48 D e c i m a l  PDENS (4) 

49-60 Decimal PDENS ( 5 )  

6 1- 72 D e c i m a l  PDENS (6) 
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- Card Column Format Var iab le  and Def in t ion  - 
Repeat card 11 u n t i l  NTDENS values have been supp l i ed ,  

11 1- 12 Decimal TDENSCI) = temperature value: f o r  dsnskty 
t a b l e  (DEG R) 

13-24 D e c i m a l  TDENS (2) 

25-36 Decimal TDENS (3) 

37-48 D e c i m a l  TDENS (4) 

49-60 D e c i m a l  TDENS (5) 

61-72 Decimal TDENS (6) 

Repeat card 12  u n t i l  a l l  va lues  of d e n s i t y  have been s u p p l i e d  f o r  the NPDENS 
p r e s s u r e s  a t  temperature  TDENS(l), and con t inue  u n t i l  a l l  values have been 
s u p p l i e d  f o r  t h e  NPDENS p r e s s u r e s  a t  temperatures  TDENS (2) $0 TDEN$ (NTQENS) , 

12 1-12 D e c i m a l  GDENS(1,l) = d e n s i t y  far  t a b l e  a t  PDENS(l), 
and TDENS (1) ( l b  / in .  **3) 

13-24 Decimal GDENS(2,l) = d e n s i t y  f o r  t a b l e  at PDENS(2) 

25-36 Decimal GDENS 

37-48 D e c i m a l  GDENS 

49-60 D e c i m a l  GDENS 

and TDENS (1) 

61-72 Decimal GPENS(1,J) = d e n s i t y  f o r  t a b l e  at: PDENS(I) 
and TDENS (J) 

Repeat ca rd  13 u n t i l  NPHEAT v a l u e s  have been supp l i ed .  

13 1- 12 D e c i m a l  PHEAT(1) = p r e s s u r e  value f o r  s p e c i f i c  h e a t  
t a b l e  ( p s i a )  

13-24 Decimal PHEAT ( 2 )  
25-36 D e c i m a l  PHEAT (3) 

37-48 Decimal PHEAT (4) 
49-60 Decimal PHEAT (5) 

61-72 D e c i m a l  PHEAT (6) 

Repeat ca rd  14 u n t i l  NTHEAT v a l u e s  have been supp l i ed .  

1 4  1-12 D e c i m a l  THEAT(1) = temperature value far s p e c i f i c  
h e a t  t a b l e  (OR) 

13-24 D e c i m a l  THEAT (2) 

25-36 Decimal THEAT (3) 
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- Card Column Format Var iab le  and D e f i n i t i o n  

1 4  (cant.) 

37-48 Decimal THEAT ( 4) 

49-60 D e c i m a l  THEAT (5) 

61-72 D e c i m a l  THEAT (6) 

Repeat ca rd  15 u n t i l  a l l  va lues  of s p e c i f i c  h e a t  have been supp l i ed  f o r  t h e  
NPHEAT pres su res  a t  temperature  THEAT(l), and cont inue  u n t i l  a l l  values have 
been supp l i ed  f o r  t h e  NPHEAT pres su res  a t  temperatures THEAT(2) tQ THEAT(NTHEAT). 

15 1-12 D e c i m a l  CPHEAT(1,l) = s p e c i f i c  heat f o r  t a b l e  a t  
PBEAT(1) and THEAT(1) (Btu/lb*OR) 

13-24 Decimal CPHEAT ( 2 , l )  a t  PHEAT ( 2) and THEAT (1) 

25-36 Decimal 

37-48 D e c i m a l  

49-60 Decimal 
61-72 Decimal CPHEAT(1,J) = s p e c i f i c  h e a t  a t  PHEAT(1) and 

THEAT (J) 

Repeat card  16 u n t i l  NPVISC values have been suppl ied .  

16 1-12 Decimal PVISC(1) = pres su re  va lue  f o r  v i s c o s i t y  
t a b l e  (ps i a )  

13-24 D e c i m a l  PVISC(2) 

25-36 Decimal PVISC( 3) 

37-48 D e c i m a l  PVISC(4) 

49-60 D e c i m a l  PVISC (5) 

61-72 D e c i m a l  PVI S C ( 6) 

Repeat card  17  u n t i l  NTVISC va lues  have been suppl ied .  

17  1-12 D e c i m a l  TVISC(1) = temperature va lue  f o r  v i s c o s i t y  
t a b l e  ( O R )  

13-24 D e c i m a l  TVISC( 2) 

25-36 Decimal TVI S C ( 3) 

37-48 D e c i m a l  TVISC( 4) 

49-60 D e c i m a l  TVISC(5) 

61-72 Decimal TVIS C ( 6) 
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Card 

Repea 

- Column Format - Var iab le  and D e f i o i t i o n  

card 18 u n t i l  a l l  value of v i s c o s i t y  have been s u p p l i e d  for the WnsC , 

p r e s s u r e s  a t  temperature  TVISC(l), and confinue u n t i l  a1X value@ have been 
supp l i ed  a t  temperature  TVISC(2) t o  TVISC(NTVISC), 

18 1-12 Decimal XMVISC(1,l) = v i s c o s i t y  a t  PVXSC(1) and 
TVISC(1) (lb*sec/in.**2) 

13-24 D e c i m a l  XMYISC(2,l) a t  PVISC(2) and TV'LSC(1) 

25-36 Decimal 

37-48 D e c i m a l  

49-60 Decimal 

61-72 D e c i m a l  XMVISC(1,J) = v i s c o s i t y  at  PVISC(Xl) and 
TVISC( J) 

Repeat c a r d  19 u n t i l  NETEMP v a l u e s  have been supp l i ed .  

19 1- 12  D e c i m a l  ETEMP(1) = entropy value f o r  temperafurs  
t a b  l e  (B t u /  l b  *OR) 

13-24 D e c i m a l  ETEMI? ( 2) 

25-36 D e c i m a l  ETEMP (3) 

37-48 D e c i m a l  ETEMP ( 4 )  

49-60 D e c i m a l  ETEMI? (5) 

61-72 D e c i m a l  ETEMP (6) 

Repeat ca rd  20 u n t i l  NTTEMP va lues  have been s u p p l i e d ,  

20 1- 12 Decimal TTEMP (1) = temperafvre value f o r  tmpesraturp 
t a b l e  (OR) 

13-24 Decimal TTEMP ( 2) 

25-36 Decimal TTEMP ( 3) 

37-48 Decimal TTEMP (4) 

49-60 D e c i m a l  TTEMP (5) 
61-72 D e c i m a l  TTEMP (6) 

Repeat c a r d  21  u n t i l  a l l  v a l u e s  of p r e s s u r e  have been s u p p l i e d  f o r  t h e  NETEW 
e n t r o p i e s  a t  temperature  TTEMP(11, and cont inue u n t i l  all, values h a w  been 
s u p p l i e d  a t  temperature  (TTEMP (2) t o  TTEMP (NTTEMP) . 
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Card Column Format Var iab le  and D e f i n i t i o n  - 
21 1- 12 Decimal 

13-24 Decimal 

25-36 Decimal 

37-48 Decimal 

49-60 Decimal 

61-72 D e c i m a l  

PTEMP(1,l) = p r e s s u r e  va lue  a t  ETEMP(1) and 
TTEMP(1) p s i a  

TTEMP ( 2 , 1) 

TTEMP (3) 

PTEMP(I,J) = p r e s s u r e  va lue  a t  ETEMP(1) and 
TTEMP (J) 

Repeat ca rd  22 u n t i l  NPBULK va lues  have been supp l i ed .  

22 1-12 D e c i m a l  PBULK(1) = p r e s s u r e  v a l u e  f o r  b u l k  modulus 
t a b l e  ( p s i a )  

13-24 D e c i m a l  PBULK( 2) 

25-36 Decimal PBULK( 3) 

37-48 D e c i m a l  PBULK ( 4 )  

49-60 D e c i m a l  PBULK( 5) 

61-72 Decimal PBULK (6) 

Repeat ca rd  23 u n t i l  NTBULK, va lues  have been suppl ied .  

23 1- 12 D e c i m a l  TBULK(1) = temperature  va lue  f o r  bu lk  modulus 
t a b l e  (OR) 

13-24 D e c i m a l  TBULK (2) 

25-36 Decimal TBULK(3) 

37-48 D e c i m a l  TBULK( 4) 

49-60 Decimal TBULK( 5) 

61-72 Decimal TBULK(6) 

Repeat ca rd  24 u n t i l  a l l  va lues  of b u l k  modulus have been supp l i ed  f o r  the 
NPBULK p r e s s u r e s  at temperature  TBULK(l), and cont inue  u n t i l  a l l  va lues  have 
been supp l i ed  a t  temperature ,  TBULK(2) t o  TBULK(NTBULK). 

24 1-12 D e c i m a l  EBULK(1, l )  = b u l k  modulus a t  PBULK(1) and 
TBULK( 1) ( l b  / i n ,  **2) 

13-24 Decimal EBULK(2,l) 

25-36 D e c i m a l  

37-48 D e c i m a l  

Page 85 



Cqrd C ~ l w w  Format Variable  and D e f i n i t i Q n  

24 (cont.)  

49-60 D e c i m a l  

61-72 D e c i m a l  EBULK(1,J) = bulk  modulus a t  PBWZK(1) and 
TBULK ( J )  

Input  f o r  p a r a l l e l  p i s t o n  case. 

Delete cards  25-39 i f  IBAL = 1 i n d i c a t i n g  series p i s t o n  case. 

25 A-12 D e c i m a l  RH1 = o u t e r  r ad ius  o€ high-pressure s i d e  
inne r  pocket ( i n . )  

13-24 D e c i m a l  RH2 = i n n e r  r ad ius  of high-pressure s i d e  
i n n e r  land ( in . )  

25-36 D e c i m a l  RH3 = o u t e r  r ad ius  of high-pressure s i d e  
inne r  land  ( in . )  

37-48 Decimal RH4 = i nne r  r ad ius  of high-pressure side, 
i nne r  pocket ( in . )  

49-60 D e c i m a l  RH5 = o u t e r  r ad ius  of high-pressure s i d e  
o u t e r  pocket ( i n . )  

61-72 D e c i m a l  RH6 = i nne r  r ad ius  of high-pressure s i d e  
ou te r  land  ( in . )  

26 1-12 Decimal 

13-24 Decimal 

25-36 D e c i m a l  

37-48 D e c i m a l  

49-60 D e c i m a l  

61-72 Decimal 

27 1-12 Decimal 

13-24 D e c i m a l  

RH7 = o u t e r  rad ius  of high-pressure s i d e  
ou te r  land ( in . )  

RH8 = i n n e r  rad ius  of high-preqsure s i d e  
ou te r  annulus ( i n . )  

RH9 = l aby r in th  ou te r  rad ius-  on high-pressure 
s i d e  ( i n . )  

RL1 = o u t e r  rad ius  of low-pressure s i d e  
inne r  pocket {in.)  

RL2 = i n n e r  rad ius  of low-pressure s i d e  
inne r  land ( in . )  

RL3 = ou te r  rad ius  of low-pressure s i d e  
inne r  land ( in . )  

RL4 = i n n e r  rad ius  of low-pressure s i d e  
i n n e r  pocket ( i n . )  

RL5 = o u t e r  rad ius  of low-pressure s i d e  
o u t e r  procket  ( i n . )  
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Card Column 

27 (cont.)  

- 

25-36 

37-48 

49-60 

61-72 

28 1-12 

13-24 

25-36 

37-48 

49-60 

61-72 

29 1- 1 2  
13-24 

25-36 

30 1-12 

13- 2 4 

25-36 

37-48 

31 1-12 
13-24 

25-36 

37-48 

Format 

Decimal 

D e c i m a l  

D e c i m a l  

Decimal 

Decimal 

D e c i m a l  

D e c i m a l  

D e c i m a l  

Decimal 

Decimal 

D e c i m a l  

Decimal 

Decimal 

D e c i m a l  

D e c i m a l  

Decimal 

D e c i m a l  

D e c i m a l  

D e c i m a l  

Decimal 

Decimal 

Variable  and Def in i t i on  

RL6 = i nne r  rad ius  of low-pressure s i d e  
o u t e r  land ( in . )  

RL7 = o u t e r  rad ius  of low-pressure s i d e  
o u t e r  land ( in . )  

RL8 = i n n e r  rad ius  of low-pressure s i d e  
ou te r  pocket ( i n  .) 

RL9 = o u t e r  rad ius  of l abyr in th  on low- 
p re s su re  s i d e  ( in . )  

. . _  - ~ 

RHP = r ad ius  of high-pressure-pocket  a t  
o r i f i c e  ( in . )  

RLP = r ad ius  of low-pressure pocket a t  
o r i f i c e  ( i n . )  

RHANN = o u t e r  annulus rad ius  on high- 
pressure  s i d e  (-in.) 

RLANN = o u t e r  annulus rad ius  on- low- 
pressure  s i d e  ( in . )  

RSD = s h a f t  l aby r in th  o u t l e t  s h a f t  
rad ius  ( i n . )  

RSDH = s h a f t  l aby r in rh  o u t l e t  housing 
rad ius  ( in . )  

W l S  = high-pressure s i d e  s h a f t  rad ius  ( in . )  

RLlS = low-pressure s i d e  s h a f t  rad ius  ( in . )  

R R l  = r e t u r n  l i n e  rad ius  of low-pressure 
inne r  land ( i n . )  

HHlS = high-pressure s i d e  s h a f t  clearance ( in . )  

HLlS = low-pressure s i d e  s h a f t  clearance ( i n . )  

XLL8 = low-pressure cav i ty  length  ( i n . )  

XLH8 = high-pressure cavi ty  length  ( in . )  

DHSHP = high-pressure o r i f i c e  diameter ( i n . )  

DLSLP = low-pressure o r i f i c e  diameter ( in . )  

CHSHP = high-pressure o r i f i c e  discharge 
c o e f f i c i e n t  

CLSLP = low-pressure o r i f i c e  discharge 
c o e f f i c i e n t  
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32 

33 

34 

35 

49-60 

61-72 

1-12 

13-24 

25-36 

37-48 

49-60 

61-72 

1-12 

13-24 

25-36 

37-48 

49-60 

61-72 

1-12 

13-24 

25-36 

37-48 

1- 1 2  

13-24 

25-36 

37-48 

Card Column 

31 (cont.) 

- Format 

Decimal 

D e c i m a l  

D e c i m a l  

D e c i m a l  

D e c i m a l  

Decimal 
D e c i m a l  

D e c i m a l  

D e c i m a l  

D e c i m a l  

D e c i m a l  

D e c i m a l  

D e c i m a l  

D e c i m a l  

D e c i m a l  

D e c i m a l  

Declmal 

D e c i m a l  

D e c i m a l  

D e c i m a l  

D e c i m a l  

D e c i m a l  

Var iab le  and D e f i n i t i o n  

DHS-= diameter of high-pressure supply line 
( in . )  

DLS = diameter of low-pressure supply l i ne  
( in . )  

PHS = high-pressure supply pressure  (Ib/in.**2) 
PLS = low-pressure supply p re s su re  (lb/in.**2) 
PBlRl  = e x i t  p ressure  (lb/in.**2) 

PSD = s h a f t  l a b y r i n t h  pressure  ( lb / in .  **2) 
THS = high-pressure supply temperature (OR) 

TLS = low-pressure supply temperature (OR) 

XNHSHP = number of high-pressure or i f ices ;  

XNLSLP = number of low-pressure o r i f i c e s  

CH5H6 = flow c o e f f i c i e n t  f o r  outward flow 
s i l l  en t rance  l o s s  on high-pressure s i d e  

CH7H8 = flow c o e f f i c i e n t  f o r o u t w a r d  flow 
sill ex i t  loss on high-pressure s i d e  

CH4H3 = flow c o e f f i c i e n t  fo r  inward flow 
sill ent rance  Xoss on high-pressure s i d e  

CH2H1 = flow c o e f f i c i e n t  f o r  inward flow 
s i l l  ex i t  l o s s  on high-pressure s i d e  

CL5L6 = flow c o e f f i c i e n t  f o r  low-pressure 
outward flow s i l l  entrance- l o s s  

CL7L8 = flow c o e f f i c i e n t  f o r  low-pressure 
outward flow s i l l  exit  loss  
CZ4L3. = flow. c o e f f i c i e n t -  f o r -  low-pressure 
inward f l o w  s i U  ent rance  -loss 

CL2L1 = flow c o e f f i c i e n t  f o r  low-pressure 
inward flow s i l l  e x i t  loss 

HLlSD = s h a f t  l aby r in th  tooth clearance (in,) 
HELlSD = s h a f t  l aby r in th  v a l l e y  depth (in.) 

XLLlSD = s h a f t  l a b y r i n t h  over -a l l  l ength  (in.) 
XNLlSD = number of s h a f t  l aby r in th  s e a l i n g  
p o i n t s  
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Card Column Format Variable  and D e f i n i t i o n  - 
35 (cont . )  

49-60 Decimal PLlSD = s h a f t  l a b y r i n t h  p i t c h  ( in . )  

6 1- 7 2 Decimal XLlSD = s h a f t  l a b y r i n t h  s e a l i n g  p o i n t  width 
( i n . )  

36 1- 12 Decimal CLlSD = s h a f t  l a b y r i n t h  discharge c o e f f i c i e n t  

13-24 D e c i m a l  XNHlRl  = number of high-pressure r e t u r n  l i n e s  

25-36 D e c i m a l  XLHlRl  = length of high-pressure r e t u r n  
l i n e s  ( in . )  

37-48 Decimal XNLlR1 = number of low-pressure r e t u r n  l i n e s  

49-60 Decimal XLLlR1 = l eng th  of low-pressure r e t u r n  l i n e s  
( i n . )  

37 1-12 Decimal XNH8R1 = number of r e t u r n  l i n e s  of o u t e r  
annulus 

13-24 Decimal XLH8R1 = length of r e t u r n  l i n e s  ( in . )  

25-36 D e c i m a l  RH8R1 = r ad ius  of r e t u r n  l i n e s  ( i n . )  

I f  I K I N  ( ca rd  2) = 0,  d e l e t e  ca rds  38 and 39 

38 1-12 D e c i m a l  XKHPH5 = f l u i d  r o t a t i o n  f a c t o r  between pocket 
a t  o r i f i c e  and i n n e r  r a d i u s  of o u t e r  pocket 
on high-pressure s i d e  

13-24 Decimal XKH6H7 = f l u i d  r o t a t i o n  f a c t o r  between o u t e r  
l and  i n n e r  and o u t e r  r ad ius  on high-pressure 
s i d e  

25-36 Decimal XKHPH4 = f l u i d  r o t a t i o n  f a c t o r  between pocket 
a t  o r i f i c e  and o u t e r  r a d i u s  of i n n e r  pocket 
on high-pressure s i d e  

37-48 Decimal XKH3H2 = f l u i d  r o t a t i o n  f a c t o r  between i n n e r  
l and  i n n e r  and o u t e r  r a d i u s  on high-pressure 
s i d e  

49-60 D e c i m a l  XKLPL5 = f l u i d  r o t a t i o n  f a c t o r  between pocket 
at o r i f i c e  and i n n e r  r a d i u s  of o u t e r  pocket 
on low-pressure s i d e  

61-72 Decimal XKL6L7 = f l u i d  r o t a t i o n  f a c t o r  between o u t e r  
land i n n e r  and o u t e r  r a d i u s  on low-pressure 
s i d e  
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Card Column Format Var iab le  and Def in i t i on  
_r_3 

39 1-12 Decimal XJCLPL4 = f l u i d  r o t a t i o n  f a c t o r  between pocket 
at o r i f i c e  and o u t e r  r ad ius  of inner pocket- - 
on low-pressure s i d e  

13-24 Decimal -3L2 = f l u i d  r o t a t i o n  f a c f o r  between i n n e r  
land  i n n e r  and o u t e r  r ad ius  on l o p p r e s s u r e  
s i d e  

SERXES PISTON CASE 

Delete cards  40-50 i f  IBAL = 0 i n d i c a t i n g  p a r a l l e l  p i s t o n  case 

40 1-12 Decimal RL1  = ou te r  r ad ius  of low-pressure sOde inner- 

13-24 D e c i m a l  RL2 = i n n e r  r a d i u s - o f  low-pressure s i d e - i n n e r  

25-36 Decimal RL3 = oueer radPus of low-pressuxe s i d e  inner 

37-48 Decima3.-  RL4 = i n n e r - r a d i u s - o f  low-pressure s i d e  

49-60- D e c i m a l -  RL8 = ou te r -  rad ius .  of low-pressure s i d e  - - - - - 

61-72 D e c i m a l  RL9 = ou te r  r ad ius  of l a b y r i n t h  gn low-pressure 

pocket ( i n . )  

land ( in . )  

land ( in . )  . 

pocket ( in . )  

pocket (in-.) 

s i d e  ( in . )  

41 1- 12 D e c i m a l  RH5 = o u t e r  r ad ius  of high-pressure s i d e  
ou te r  pocket ( in . )  

13-24 D e c i m a l  RH6 = i n n e r  r a d i u s - o f  hPgh-pressure s i d e  
ou te r .  land (-in-. ) 

25-36 D e c i m a l  RH7 = outer -  radPus- of high-pressure s i d e  
o u t e r  land  ( in . ) -  

37-48 D e c i m a l -  RH8 = i nne r -  radgus of- high-pressure-  s i d e  

49-60 D e c i m a l  RH9 = l aby r in th  o u t e r  r ad ius  on high- 

61-72 D e c i m a l  RSD = s h a f t  l a b y r i n t h  o u t l e t  s h a f t  rad$us 

o u t e r  annulus ( in . )  

p ressure  s i d e  ( in . )  

( in . )  

42 1-12 D e c i m a l  RHP = r ad ius  of high-pressure pocket a t  
o r i f i c e  ( in . )  

s i d e  ( i n . )  
13-24 D e c i m a l  RHANN = ou te r  annulus r ad ius  on high-pressure 
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Card Column 

43 1-12 

.__ 

13-24 

25-36 

37-48 

49-60 

44 1-12 

13-24 

25-36 

37-48 

49-60 

45 1-12 

13-24 

25-36 

37-48 

49-60 

61-72 

46 1-12 

13-24 

25-36 

37-48 

49-60 

61-72 

Format 

Decimal 

Decimal 

D e c i m a l  

D e c i m a l  

Decimal 

Decimal 
Decimal 

Decimal 

Decimal 

Decimal 

Decimal 

Decimal 

Decimal 

Decimal 

D e c i m a l  

D e c i m a l  

Decimal 

Decimal 

Decimal 

Decimal 

Decimal 

D e c i m a l  

Variable  and D e f i n i t i o n  

RHCL = i n n e r  r ad ius  f o r  high-pressure i n n e r  
pocket 

RSDH = s h a f t  l a b y r i n t h  o u t l e t  housing 
r a d i u s  ( i n . )  

HH9 = high-pressure o u t e r  c a v i t y  c learance 
( in . )  

HL9 = low-pressure o u t e r  c a v i t y  c learance 
( i n . )  

HSD = s e a l i n g  discharge o u t l e t  c l ea rance  ( in . )  

HLlS = low-pressure s i d e  s h a f t  clearance ( i n . )  

HLlSD = s h a f t  l a b y r i n t h  tooth clearance ( in . )  

HELlSD = s h a f t  l a b y r i n t h  v a l l e y  depth ( i n . )  

XLLlSD = s h a f t  l a b y r i n t h  over-al l  length ( i n . )  

XNLlSD = number of s h a f t  l a b y r i n t h  s e a l i n g  
p o i n t s  

PLlSD = s h a f t  l a b y r i n t h  p i t c h  ( i n . )  

XLlSD = s h a f t  l a b y r i n t h  s e a l i n g  p o i n t  
width ( i n . )  

CLlSD = s h a f t  l a b y r i n t h  discharge c o e f f i c i e n t  

HH9L9 = p i s t o n  l a b y r i n t h  tooth clearance ( in . )  

HEH9L9 = p i s t o n  l a b y r i n t h  v a l l e y  depth ( i n . )  

XLH9L9 = p i s t o n  l a b y r i n t h  ove r -a l l  length ( i n . )  

XNH9L9 = number of p i s t o n  l a b y r i n t h  s e a l i n g  
p o i n t s  

PH9L9 = p i s t o n  l a b y r i n t h  p i t c h  ( i n . )  

XH9L9 = p i s t o n  l a b y r i n t h  s e a l i n g  p o i n t  
width ( i n . )  

CH9L9 = p i s t o n  l a b y r i n t h  discharge c o e f f i c i e n t  

DHSHP = high-pressure o r i f i c e  diameter ( i n . )  

CHSHP = high-pressure o r i f i c e  discharge 
c o e f f i c i e n t  
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Card Cqlumn Format Var iab le  and Def in i t i on  - 
47 1-12 Decimal XNHSHP = number of high-pressure o r i f i c e s  

13-24 D e c i m a l  PHS = high-pressure supply pressure  
( l b  / i n .  ""2) 

25-36 Decimal PBPRl = exit p re s su re  (lb/in.**2) 

37-48 Decimal PSD = s h a f t  l aby r in th  pressure  (lb/in.**2) 

49-60 Decimal DHS = high-pressure supply l ine diameger ( i n . )  

48 1-12 Decimal CH5H6 = flow c o e f f i c i e n t  f o r  high-pressure 
s i l l  entrance flow 

13- 2 4 Decimal CH7H8 = flow c o e f f i c i e n t  f o r  high-pressure 
s i l l  e x i t  flow 

25-36 D e c i m a l  CL7L8 = flow c o e f f i c i e n t  f o r  low-pressure 
inne r  flow s i l l  en t rance  l o s s  

37-48 D e c i m a l  CL4L3 = flow c o e f f i c i e n t  f o r  low-pressure 
inward flow s i l l  en t rance  l o s s  

49-60 D e c i m a l  CL2L1 = flow c o e f f i c i e n t  f o r  low-pressure 
inward flow s i l l  e x i t  l o s s  

49 1-12 D e c i m a l  XNLlRl = number of low-pressure re turn l ines  
13-24 D e c i m a l  XLLlR1 = length of low-pressure r e t u r n  l ines  

25-36 D e c i m a l  WHPHlS = high-pressure inner procket flow- 

37-48 Decimal THS = high-pressure supply temperature COR) 

49-60 Decimal HH8L8 = annulus c learance  ( i n . )  

61-72 D e c i m a l  XLH8L8 = annulus length ( in . )  

( i n . )  

rate ( lb / sec )  

i f  K I N  = 0 (card 2 ) ,  d e l e t e  card 50 

50 13-24 Decimal XKH6H7 = f l u i d  r o t a t i o n  f a c t o r  between ou te r  
land and ou te r  rad ius  on high-pressure s i d e  

pocket flow c a l c u l a t i o n  

land inne r  and ou te r  r ad ius  on low-pressure 
s i d e  

49-60 D e c i m a l  XKHPHl = f l u i d  r o t a t i o n  f a c t o r  between pocket 
a t  o r i f i c e  and inne r  r ad ius  of inner  pocket 
on high-pressure s i d e  

25-36 Decimal XKL7L4 = f l u i d  r o t a t i o n  f a c t o r  f o r  inward 

37-48 Decimal XKL3L2 = f l u i d  r o t a t i o n  f a c t o r  between inne r  
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Card Column 

FORCE PISTON 

- 

5 1  1-12 

13-24 

25-36 

37-48 

49-60 

61-72 

52 1-12 

13-24 

25-36 

37-48 

49-60 

61-72 

53 1-12 

13-24 

25-36 

37-48 

49-60 

54 1-12 

13-24 

25-36 

37-48 

49-60 

61-72 

Format 

Decimal 

Decimal 

Decimal. 

Decimal 

Decimal 

Decimal 

Decimal 
Decimal 

Decimal 

Decimal 

D e c i m a l  

Decimal 

Decimal 

D e c i m a l  

D e c i m a l  

Decimal 

Decimal 

Decimal 

Decimal 

D e c i m a l  

Decimal 

D e c i m a l  

Decimal 

Variable  and D e f i n i t i o n  

NFS = number of f o r c e  p i s t o n  supply p re s su re  
increments (maximum 20) 

PFSMIN = minimum f o r c e  p i s t o n  supply p re s su re  
( l b  / i n .  **2) 

PFSMAX = maximum f o r c e  p i s t o n  supply p re s su re  
( l b  / i n .  **2) 

PC2 = f o r c e  p i s t o n  c a v i t y  p re s su re  
(lb/in.**2) 

PEXH = f o r c e  p i s t o n  t u r b i n e  p re s su re  
( l b  / i n .  **2) 

PFPRl = f o r c e  p i s t o n  r e t u r n  p re s su re  
(lb/in.**2) 

XNFSFP = number of o r i f i c e s  

DFSFP = o r i f i c e  diameter ( in . )  
CFSFP = o r i f i c e  discharge c o e f f i c i e n t  

TFS = f o r c e  p i s t o n  supply temperature (OF) 

DFS = supply l i n e  diameter ( i n . )  

C12 = f o r c e  p i s t o n  pocket p re s su re  
approximation f a c t o r  

RFP = i n n e r  pocket r a d i u s  a t  o r i f i c e  ( in . )  

RF1 = o u t e r  pocket r ad ius  ( i n . )  

RFTS = t u r b i n e  r a d i u s  a t  seal ( i n . )  

HFP = a x i a l  c learance a t  i n n e r  pocket 
diameter ( i n .  ) 

HF1 = a x i a l  c l ea rance  a t  o u t e r  pocket 
diameter ( i n . )  

HFlCl = f i r s t  l a b y r i n t h  clearance ( i n . )  

HEFlCl = first l a b y r i n t h  pocket depth ( in . )  

XLFlCl = f i rs t  l a b y r i n t h  l eng th  ( in . )  

XNFlCl = number of f i r s t  l a b y r i n t h  lands 

PFlCl = f i r s t  l a b y r i n t h  p i t c h  ( i n . )  

XFlCl = f i r s t  l a b y r i n t h  land width ( i n . )  

, 
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Card Column 

55 1-12 

- 
13-24 

25-36 

37-48 

49-60 

61-72 

56 1-12 

13-24 
25-36 

37-48 

49-60 

Format 

Decimal 

Decimal 

Decimal 

D e c i m a l  

Decimal 
Decimal 

Decimal 

Decimal 
Decimal 

Decimal 
Decimal 

Var iab le  and Def in i t i on  

HClC2 = second l a b y r i n t h  clearance ( in . )  

I B C l C 2  =: second l a b y r i n t h  pocket depth ( i n , )  

XLClC2 = second l a b y r i n t h  length  ( i a . )  

XNClC2 = number of second l a b y r i n t h  lands 

PClC2 = second l a b y r i n t h  p i t c h  ( in . )  

XClC2 = second l a b y r i n t h  land width ( in . )  

C F l C l  = f i r s t  l aby r in th  d ischarge  c o e f f i c i e n t  

CClC2 = second l a b y r i n t h  discharge c o e f f i c i e n t  

XNClRl = number of r e t u r n  l i n e s  

XLClRl  = r e t u r n  l ine  length  ( in . )  

R C l R l  = r e t u r n  l i n e  r ad ius  ( i n . )  
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ATTACHMEMT B 

(APPENDIX B) 

FLOW CHARTS 
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-u 

MAIN PROGRAW FOR THRUST BALAN%E;R STABILITY PROCRAM 

Subroutine 
ACOMST 

independent 

Read input 
Ium 

for single 
case 

I 

Repeat 
for each clearance 

I PSTIF 
P P X V A l l O l  
Stiffnore 

PSOWT t 
print 

output 
S t i f  h 6 8 8  

i 
, 
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ANNP - ANNULUS FTLM OUTLET PRESSURE CALCULATION 

I 

NO 



spec, heat ; 
sill entrance 
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. .  I 
. , -  . , .  ., -. . .- . . . .  ~ . ... l._l -I , .-. . - - ~ .  

hcke t average 

- flow constant 
density, ~ l o c i t i e s ,  

.- 

FORCP - FORCE (WAD?%) PISTOH 

density, spec. 

Pbcket fluid 

, 



FORCP 

c 
properties : 

R e t u r n  flow 

density, up. heat, 
V b 2 O S ~ t ~  

c 
Return flow, 
-Old8 k. 

1 

equation for press. appmx. 
by falae position 

I 

_ I  

! 

L*. I - n n 

~ ;let press v I 
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I ,  

FORCES ON 
ILIAD SIDE, 

+ 

1 TURB-ZNE,ANDSUM 

FORCP 

TORQUE ON FACE 
AND LABYRINTHS, 
SUM OF TORQUE 

PISTON 
OUTPUT 
PISTON 
OUTPUT 
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INPUT 

READ PISTON SERIES INPUT A i  PARALLEL SERIES PISTON OR 

I 
! 

PISTON INPUT 
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Piston labyrinth pressure 
calculation 

Reht ve 

pperties 6 vel., 

Turb. Turbulent 
'In,* 

Sp . heat, 
viscosit  

convergenc no npx M ) +  Naxt 
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SHAFT LABfRIiUTH F W  
CAMUUTIOlO GIVEN W m  & 
OUTIET PRESSURES 

I Initirllse I I properties, relocities 1 
i 

TEMP + 
+ 

bSidPa1 
energy frator  i 
Isentropla 

outlet 
teulperature 

1 Iabsrinn 1 
Heat loss, 

Outlet velocity, Repeat for 
Awe, Propsrties 

Raynolds 
Nmber 

I 
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imOtTT INE LINE - RETURN LSUE PRESSURE CAMVIATION 
._ 

Initiallm 
values 

Turbulent line 
pressure 

Iamlnar kine 
plWS8UrO 

TEMP 
Isentropic 
downstream 

\ temperature / 

Heakhead loss 
Actual temp. 

+ 
+ 

Density, 
spec. heat, 

V h C O s i t J r  

Outlet EW8Ultant 
velocity 

A 
_____3 

of. pressure iterations v v 

Retuxn with 
error indicator 
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O r i f  ice  weight f l o w  
given inlet & outlet 
pIW88WS 

TEm 

Dawnstrevn 

f 
Ave. orifice 

density, 1 

sp, heat 
1 

Actual temp. T2 

Downstream 
specific 

Bpdate iter; 
aave w t  
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I 

I 

PFORCJ3 - PARRALLEL PISTON FORCE 

1 
HIGH PRFSSURE 

1 FORCE ON AREA FROM 
SHAFT TO INNEB SILL 

i 

FORCE ON LABYRINTH I 

I #  
' I ,  

T 

1 FORCZ ON INNER POCKET I 

rn PRESSURE 

* 
FORCE ON INNER 

SEAL POCKET I 
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PHORSP - PARAWL PISTON HORSEPOWER 

OUT F W  PATH 

HIGH PRESSURE INNER SILL 
TORQUE SUM OVER RINGS 

1 e 
VEmITIEs, m o m s  
NO., & TOAQUE ON HIGH 

NO., & TOIQUE ON HIGH I PRESSulzE OUTWARD POCKlE1c 

VEmITIEs, m o m s  

I 
3 

HIGH PRESSURE OUTER SILL 1 TOIiaUESUMOVERRINGS 

TORQUE ON HIGH 
PRESSURE OUTER . CYLINDRICAL SURFACE 

TORQUE ON IDW PRESSURE 

TOR&UE ON SUM OF OUTER 
UJW PRESSURE S I U  RINGS 

NO., & TORQUE ON ILM 
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pI(T - FocI[ET O U T ~  PRESSm CAJXUUTION FOR INWARD 
OR OVPWARD FWW GIVEN INLET PRESSURE ANI) F W  

outward FIBW constant 
outer velocities coefflcisnts 

I I 

TEMP 

I 

error indicator 
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oRIF(RIs, * 0 1 High Pressure 
Orifice 
Calc . + 
4 

High pressure 
outward & inwa3d 

f l o w  approximations 
b W  hJS8Ure 

Grs,cPIs’ 
MUIS for 

I 
supply 

ORIF( PIS,. . . ) # 
/ Orifice \ 
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?PROP n 

H i g h  prssrmra 
outward f l o w  . 

outward 
flow relocities 

rnS(PHW..  .) 

S I U I ( P ~ .  . .I 
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sill exit 
Clearance 

ENTS(PH2.. .) 

sil l  d t  

LINE(Pn.. . ) 1 

I o w  pressure 
h a r d  flow 

Pbcket 
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PPROP . 
I 

WEIGHT FLCW 
m LINE 

LINE 

DENS 
HEAT 
VISC 

r WEIGHT F W '  

I N L I N E .  

COMBINEX) DENSPTP, 
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FSTIF - Parallel piston stiffness 

Sum of bulk Sum of bulk 
stiffness stifmeas I 

‘ Repeat for 
each clearance ,* 

h w  Pressure Path 

Static stifihess 

High Pretb~um! h t h  
Bulk mOdlllU8 

A Total force 
for presswlas 
of pockets & 

( 0  Bulk modulus 
for pressures 
of pockets & 

land8 lands 
I I 

Bulk atifiness 
for pockets 
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SFORCE - SERIES FORCE CAEULATION 

FROM SUPPLY TO 
IMLET ORIFICE 

FORCE ON RINGS + 
I PRESS-POCKET I 
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I 

Reynolds No. 
of high press. 
pocket f r o m  

or i f ice  i d  

-. SHORSP - Series piston horsepower 

P 

Turbulent flow 
conatants 

,Eaminar f l o w  
constants 

Turbulent 

Torque on 
high pkess. - b pocket from 

orifice inward 

Laminar flow 
constants constants 

4 

I Torque on high T 

1 outward 
1 

I 
high pressure 

1 
-i: r - T i l  torque 

Velocitiea, Rsgmolde 
No. & torque on 

high pres. outside 
csvrty 
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SHORSP 

NO. & TORRUE ON 
LcplJ PRESSm OUTER CAVITY 

SUM OF TORQUE 
OM PISTON 

1 TOTAL HORSE-R [ 
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SILL - Sill PFOSSU~~ for inward or outward flow 

No. of rings, 
radius incrsmaent, 

V e b C i t i e E ,  
Flow constant 

' 100, of rings 

- Velocities, 

7 

Imrard outward W u s  increment, 

Flow coe f f i c i e t s  

outward Flow constant 
I 

Initialize I 
ring values 

.t- 
Set ring values 

to V ~ ~ U S S  of previous ring 

Ring radius, 
Ave. ring radius, 

Eccentricity 

t 

Actual oxit tam. 

density, S p S C .  
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Inward 

Yes 

pressure v 

It\ 
, Relative .. 

'presaure ' v 

mean velocity, next iteration 
flow constant 

conve: 

I 

to entrance for 
next ring, 

repeat for next 

\ V I - -  error yes 

message 

Return with 
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1 

I 
# 

=PROP - SERIES FILM =SURE PROPERTT&s CALCULATION . _  

*AT(pHs) (+) specific 

\ 4 J 

Rocket presrmre, 
Fbcke t oonditions, 
1 = 1, (# iter) 

ORIF ( PHs t 
Orifice 
Calc 

1 
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, 

Annulus Clearance, 
disk & fluid 

I 

Irnr presmrre 
&Ward f l Q W  
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. . - .- .... ~ ". .. , .. . . 

SPROP 

I 

I i l  j I ;I I 

I 1 ;  
I 

P 

POCKET PRESSURE 
ESTIMATE FOR 

- 
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SSTIF - SERIES PISTON STIFFNESS 
' I  i 

STATIC STIFP'NESS 
' ! FOR CLEARANCE VALVE 1 ' 

1 SUBROECINE BUIX 

! 

COMBIRED BULK i REPEAT FOR STIFFNESS 
FOR CL3XRAIUa 

I 

EACH CIBARANm 
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ATTACHMENT C 

(APPENDIX B) 

LISTING OF 
PROGRAM DECK AND DATA DECK 
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I. SUMMARY 

This  appendix i s  subdivided i n t o  two major s e c t i o n s ,  The f i r s t  s e c t i o n  
desc r ibes  t h e  dynamic models and analog computer s imula t ions  of t h e  s e l f -  
compensating t h r u s t  ba lance  systems. 
eter s tudy  conducted f o r  t h e s e  systems. 

The second s e c t i o n  desc r ibes  t h e  param- 

Dynamic models were s imulated on an e l e c t r o n i c  analog computer. Four 
s e p a r a t e  s imula t ions  were necessary  t o  desc r ibe  incompressible  and compressible 
flow through both  the  p a r a l l e l  and series flow conf igu ra t ions .  

The dynamic models and analog computer s imula t ions  descr ibed  i n  the  
f i r s t  s e c t i o n  of t h i s  appendix were used i n  t h e  parameter s tudy.  
s tudy  w a s  conducted f o r  each of t h e  f o u r  t h r u s t  ba l ance r  systems. 
eters s e l e c t e d  f o r  s tudy  are as soc ia t ed  wi th  the  p r i n c i p a l  elements of t h e  
balance p i s t o n  flow pa th .  

A s e p a r a t e  
The param- 

11. TECHNICAL DISCUSSION 

A. DYNAMIC MODEL FORMULATION 

1. General System Desc r ip t ion  

Schematics of t he  p a r a l l e l  and series flow ba lance r  systems 
are shown on Figures  No. C-1 and No. C-2, r e s p e c t i v e l y .  The load  p i s t o n  and 
i t s  flow c i r c u i t  are i d e n t i c a l  f o r  t h e  two systems. 
dynamic model, i t  was assumed t h a t  t h e  supply and r e t u r n  accumulators are main- 
t a ined  a t  a cons tan t  p re s su re  and o f f e r  zero  impedance t o  flow. 

I n  t h e  development of t h e  

I n  t h e  a c t u a l  system, t h e  load  and balance p i s t o n s  w i l l  be  
f ed  and d ischarged  through manifolds  c o n s i s t i n g  of a number of pa ths  as repre-  
s en ted  by t h e  schematic  of Figure No. C-3. I n  developing t h e  model, i t  w a s  
assumed t h a t  a l l  of t h e  pa ths  of each manifold are of equal  geometry so t h a t  
p re s su re  and flow symmetry about  t h e  p i s t o n  and manifold w i l l  e x i s t .  
t o  Figure No, C-3, i t  can be assumed t h a t :  

Re fe r r ing  

pil i 2  . .  . =  'ik 

'ik Oil = Qi2 = e . . . . =  

'on Po2 = .  . . * a =  

2501 $02 . .  - . -  on tj 

Then, a l l  of t h e  pa ths  of each manifold can be  represented  by 
a s i n g l e  pa th  as shown i n  t h e  schematics of Figures  No. C-1 and No. C-2. 
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The c h a r a c t e r i s t i c s  of t h e  s i n g l e  l i n e  w i l l  be  those  of t he  p a r a l l e l  combina- 
t i o n  of a l l  t h e  pa ths  of t h e  manifold.  A l l  pa ths  are i d e n t i c a l ;  t h e r e f o r e ,  

, C e = KCi Eq* (2) 
Ri 

Le K ’  e K 
R e : -  Li = : -  

where : L i ,  R i ,  and C i  are i n d i v i d u a l  pa th  parameters.  
Le ,  Re ,  and C e  are equ iva len t  s i n g l e  pa th  parameters.  
K is t h e  number of pa ths .  

Also, by t h e  argument of symmetry, t h e  flow about the p i s t o n  
can be r ep resen ted  by a s i n g l e  path.  

2 .  Modeling Philosophy 

It w a s  necessary  t o  develop a n a l y t i c a l  models which would 
desc r ibe  the  dynamic behavior  of t h e  t h r u s t  ba lancer  system f o r  both incom- 
p r e s s i b l e  water flow and t h e  compressible flow of a p e r f e c t  gas .  These models 
must r ep resen t  t he  f l u i d  t ransmiss ion  l i n e  dynamics of t h e  supply and d ischarge  
l i n e s ,  t he  lumped f l u i d  parameters of t h e  balance and load  p i s t o n  c i r c u i t s ,  
t h e  r o t o r  mass, and t h e  mechanical s t i f f n e s s  as w e l l  as damping of t h e  r o t o r  
suppor ts .  The modeling techniques used are those  descr ibed  by Alexander and 
Bai ley  (1) . 

I n  t h i s  s tudy ,  t h e  a n a l y t i c a l  model f o r  compressible flow w a s  
Except f o r  some minor mod i f i ca t ions ,  l i m i t e d  t o  f lows i n  t h e  subsonic  region.  

compressible flow w a s  descr ibed  by the  same b a s i c  model as incompressible  flow. 

The compressible model w a s  developed from t h e  incompressible  
flow model by adding t h e  c a p a b i l i t y  f o r  vary ing  t h e  dens i ty  and the  bulk  
modulus of t he  f l u i d  as a func t ion  of t h e  f l u i d  state. An important  a spec t  of 
u s ing  t h e  same b a s i c  model f o r  both incompressible  and compressible flow, a s i d e  
from t h e  obvious one of reducing t h e  number of r equ i r ed  models from two t o  one, 
is t h e  p o s s i b i l i t y  of extending i t s  use  t o  o t h e r  f l u i d s .  

With c e r t a i n  except ions ,  t h e  sequence of t h e  d e r i v a t i o n  of 
t h e  dynamic equat ions  which desc r ibe  t h e  va r ious  s e c t i o n s  of t h e  t h r u s t  ba l ance r  
system fo l low t h e  flow pa th  through t h e  ba lancer .  
t h e  system dynamic equat ions ,  cons ide ra t ion  i s  given t o  approximations and 
modi f ica t ions  requi red  €or t h e i r  s imula t ion  02 a computer. Because of t h e  non- 
linear n a t u r e  of  t he  system and t h e  number of requi red  parameter changes, an 
e l e c t r o n i c  ana log  computer w a s  s e l e c t e d  f o r  s imula t ing  t h e  dynamic model. 

Following t h e  d e r i v a t i o n  of  

3 ,  Flu id  Lines  

The f l u i d  supply and d ischarge  l i n e s  of  t h e  system can be 
c l a s s i f i e d  as uniform t ransmiss ion  l i n e s ,  which are d i s t r i b u t e d  parameter 

(1) Alexander, 3 ,  E. and Bai ley ,  J. M. ,  Systems Engineering Mathematics, 
Prent ice-Hal l ,  1962 
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e1ement;s t h a t  are described by p a r t i a l  d i f f e r e n t i a l  equatigns. 
t h e  length of t h e  l i n e  i s  less than one-sixth of an acoustic wavelength a t  the  
frequency of i n t e r e s t ,  then t h e  l i n e s  can be approximated with s u f f i c i e n t  
accuracy by a lumped-parameter element. The lumped-parameter representa t ion  
w i l l  be vsed i n  the  formulation of t he  t h r u s t  balancer modal. 
be divided i n t o  short: sec t ions  which are analogous t o  the  electrical network 
of Figure No. C-4, 

However, i f  

Each l i n e  w i l l  

Lumped 

The n- s ec t ion  is  described by t h  

where 

Pn - APn - Ln 

Figure C-4 

Parameter Line Section 

the following in t eg ra l -d i f f e ren t i a1  equations, 

dW 

d t  '(n-t.1) = o  Q - 

n 

For laminar flow 

= R G  *'n n n  

where : 

, r e s i s t ance  128 & sec 

Rn Tr yd4 i n .  
- - - -  

2 E q .  (7) 
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For t u r b u l e n t  f low 

- 2  
APn = Kn(Wn) 

- - 
Kn where : 

The flow loss 

2 8 f  R ssc 
IT2 
- - 

2 gyd5 l b  i n .  

terms are those  of  Binder(2) .  

For t h e  incompressible  f l u i d  flow s imula t ion ,  t h e  f l u i d  f low 
through t h e  l i n e s  was known t o  be of s u f f i c i e n t  magnitude t o  produce t u r b u l e n t  
flow. A s  a r e s u l t ,  no p rov i s ion  w a s  made f o r  laminar  flow. 

With compressible flow, t h e  d e n s i t y  and bulk  modulus of t h e  
f l u i d  (hence, t h e  capac i tance  of t h e  l i n e  s e c t i o n s )  were dependent upon the  
state of t h e  f l u i d .  
Attachment A of t h i s  appendix,  it w a s  p o s s i b l e  t o  determine t h e  capac i tance  
of each l i n e  sec t ion .  However, t he  l i n e  p re s su res  are n o t  expected t o  vary  
over  a g r e a t  range;  t h e r e f o r e ,  a nominal va lue  of capac i tance  was used which 
achieved a cons iderable  reduct ion  i n  s imula t ion  complexity. 

By us ing  t h e  compressible  r e l a t i o n s  developed i n  

A modi f ica t ion  of t h e  p re s su re  drop equat ions  a l s o  was made 
f o r  t h e  compressible l i n e  s imula t ion .  I n  t h i s  case, t h e  p re s su re  drop (AP) 
w a s  assumed t o  b e  a l i n e a r  func t ion  of  weight flow where: 

AP = Kn fin n 

and : 

1 6 f  R 
n Tr2 5 n  

K = -  

gyd 

4 .  Balance P i s t o n  C i r c u i t  - P a r a l l e l  Flow 

The fol lowing equat ions  desc r ibe  the  flow through t h e  p a r a l l e l  
flow balance p i s ton .  
on Figure  No. C-1. Flow e n t e r s  on each s i d e  of t h e  p i s t o n  where i t  s p l i t s ,  
f lowing through the  o u t e r  and i n n e r  r a d i a l  o r i f i c e s  t o  t h e  o u t e r  and i n n e r  
d i scharge  l i n e s .  

A schematic of t h e  p a r a l l e l  f low conf igu ra t ion  i s  shown 

The load  p i s t o n  can e x e r t  f o r c e  i n  one d i r e c t i o n  only ;  there-  
f o r e ,  i t  w i l l  always tend  t o  d i s p l a c e  the  balance p i s t o n  t o  the  r i g h t  as viewed 
on Figure No. C-1, This  displacement produces a flow r e s t r i c t i o n  and a h ighe r  
p re s su re  on the  r i g h t  s i d e  of t h e  balance p i s ton .  For convenience, t h e  r i g h t  
s i d e  of t h e  ba lance  p i s t o n ,  as viewed on Figure No. C-1, w i l l  be  r e f e r r e d  t o  

(2) Binder,  R. C. ,  F lu id  Mechanics, Prent ice-Hal l ,  1955 
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as t h e  high-pressure s i d e  and the  l e f t  s i d e  of t he  balance p i s ton  as t h e  low- 
pressure s ide .  

a. Znlet Flow - Righ-Pressure Side 

Flow through the  high-pressure s i d e  w i l l  be described by 
the  following equations beginning a t  t h e  in l e t :  

(1) In le t  Pressure 

The l i n e  capacitance C w i l l  be assumed constant 
h i  f o r  both incompressible and compressible flow. 

(2) I n l e t  Or i f i ce  

where 

and 

530 = -  1 - 
50 - 2gy HO ci %I: 'HO 

For the  compressible case,  t he  densify (yHo) was 
simulated by 

which i s  a l inear approximation of 

Eq. (14a) 

Eq. (lbb) 

as developed i n  Attachment A of t h i s  appendix. 
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(3)  Pocket P res su re  

For compressible flow, t h e  r a t i o  of bulk  modulus 
t o  dens i ty  is  given by: 

which is a l i n e a r  approximation of t h e  express ion  

Eq. (17a) 

Eq. (17b) 

as developed i n  Attachment A of t h i s  appendix. 

The c o e f f i c i e n t  (yH%) w i l l  b e  assumed a cons tan t  
i n  t h e  s imula t ion .  

b. Outward Flow - High-pressure Side 

The fo l lowing  equat ions  desc r ibe  t h e  flow from t h e  high- 
p re s su re  i n l e t  outward p a s t  t h e  o u t e r  r a d i a l  o r i f i c e  t o  t h e  o u t e r  d i scharge  
l i n e .  

(1) Pocket Ro ta t iona l  Pressure  

Eq. 19)  'H K where 
t -  

'Hu5 2g r 

For t h e  compressible case where t h e  d e n s i t y  is  l o w ,  
i s  small and is neg lec t ed  i n  t h e  computer s imula t ion .  pHW5 
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(2) Outer Radial Orif ice  

The r a d i a l  o r i f i c e  equations and t h e i r  method of simula- 
t i on  are defined i n  Attachment B of t h i s  appendix. 
on the high-pressure s ide  is  described by: 

The outer r a d i a l  o r i f i c e  

P8 = 0 Eq. (20) 
d k 5  - -  1 - 

'H5 - "H58 JH67(hs-x) d t  

where 

and 

o r  

= 1 (incompressible flow) 
YN 

- yH58 = % - +  Q ('H '8) Eq* (22) 
(compressible flow) YN YN YN 

The inertance i s  a function of s i l l  gap where the coef f ic ien t  JH67 i s  given by: 

(3)  Outer Discharge Cavity 

where 
R _- 

i .  E - -  y8 - packet cqpacitance 
'8 B8 

t 

C, = re turn l i n e  sect ion capacitance 

CO The capacitance (Cg f r) is  assumed constant f o r  both the incompressible and 
compressible computer simulations. 

c. Inward Flow - High-pressure Side 

The following equations describe the flow from the high pres-  
sure  i n l e t  inward past  the inner  r a d i a l  o r i f i c e  and out the inner  discharge 
l i ne .  
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where 

(1) Pocket Ro ta t iona l  Pressure  

YH 2 2  2 2 
P -  

'Hw4 2g KinWr (%P - %3 I 

For t h e  compressible case where t h e  d e n s i t y  is low, 
P w is  s m a l l  and i s  neglec ted  i n  t h e  computer s imula t ion .  H 4  

(2) Inne r  Radia l  O r i f i c e  

The i n n e r  r a d i a l  o r i f i c e  equat ion ,  as developed i n  
Attachment B of t h i s  appendix, is  expressed by 

= 0 Eq. (27) diH4 
'H1 

-- 1 - 
'H4 - "H41 JH32(h d t  

S 

where 'N f 
= -  ('H4) f (hs  - 

"H41 'H41 

and 
- =  yH41 1 (incompressible  flow) 
YN 

o r  

(compressible f l o w )  - =  yH41 Kk Ky ('H4 'H1) - + -  
YN 'N 'N 2 

O r i f i c e  i n e r t a n c e  c o e f f i c i e n t  JH32 i s  given by 

(3) Inne r  Discharge Cavi ty  

'H1 = ($) H1 VH1 (pocket capaci tance)  

= l i n e  s e c t i o n  capac i tance  'ho 
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‘ho The capacitance (CHI 4- -) and the coefficient (YH~AH~) are assumed canstant: 
for both the incompressigle and compressible computer simulations. 

d. Inlet Flow - Low-Pressure Side 
Beginning at the inlet on the low pressure side: 

(1) Tnlet Pressure 

dPLS 2 
(Wai - wLo) %i 

- = -  
dt 

The line capacitance CRg will be assumed constant 
for both the incompressible and compressible flow conditions. 

(2)  Inlet Orifice 

where 

and 

d%O 
pLs - zo%02 - LLo YE- - pLP = 

%0 = -  1 
YLO K L O  = 2 2  

2g YLO‘D %o 

Eq. (35) 

For the compressible case, the density yLo i s  given 

Eq. (36) by YLO = $ f K PLP 

(3 )  Pocket Pressure 

dx - iJL5’ (GLO - YLA - iL4 1 

L dt 

VI, = VL0 + %X 

and for the Compressible flow case 

The coefficient (yL%) will be assumed constant. 
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e. Outward Flow - Low-Pressure S ide  

The fol lowing equat ions  d e s c r i b e  t h e  flow pa th  dynamics 
from t h e  low p res su re  i n l e t  outward p a s t  t h e  o u t e r  r a d i a l  o r i f i c e  t o  t h e  o u t e r  
d i scharge  l ine.  

(1) Pocket Ro ta t iona l  P res su re  

pL5 = pLP + pLfJ15 

where f o r  incompressible  flow 

= Y L  2 2  2 2 
pLu5 2g  Kout u r  '%6 - %P 

For t h e  compressible flow case where t h e  d e n s i t y  i s  
low, PLUS i s  small and is  neglec ted .  

( 2 )  Outer Radia l  O r i f i c e  

The o u t e r  r a d i a l  o r i f i c e  on t h e  low p res su re  s i d e  
is  descr ibed  by: 

P8 = 0 dwL5 -- 1 - 
'L5 - "L58 JL56 (h d t  

Eq. ( 4 2 )  
S 

where 

and 

o r  

f ( i L 5 > f ( h s  + XI YN = -  
"L58 'L5 8 

- =  yL58 1 (incompressible  flow) 
'N 

(pL5 ' '8) 
(compressible flow) YL58 Kk K - =  

2 - + -  
YN 'N 'N 

Eq. ( 4 4 )  

The o r i f i c e  i n e r t a n c e  c o e f f i c i e n t  J i s  given by L6 7 

(3) Outer Discharge Cavity 

The o u t e r  pocket is common t o  both the  h igh  and low 
p res su re  s i d e s  of t h e  balance p i s t o n  s o  t h a t  t h e  p re s su re  i s  descr ibed  by 
Equation ( 2 4 ) ,  
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f .  Inward Flow - Low-Pressure Side 

The following equations descr ibe  t h e  flow pa th  dynamics 
from the  low pressure i n l e t  inward p a s t  t h e  inne r  r a d i a l  o r i f ice .  t~ t h e  inner 
discharge l i n e .  

(I) Pocket Rotational Pressure 

Eq* (46) pL4 = pLP - pLw4 

where 

For the  compressible case where the. densify is law, 
PLw4 i s  assumed t o  be zero. 

(2) Inner Radial Or i f i ce  

where 

and 

o r  

= 0 EQ. (48) dwL4 
pL1 

-- 3. - 
'L4 - "L41 JL32'(hsfX) dt 

- - -  yN f ( i L 4 )  f (hs + x) 
"L41 'L4 1 

K (PL4 f PLl) 
(compressible flow) 'L4 1 

2 
Eq. (50) 

YN 'N 'N 

The o r i f i c e  iner tance  coe f f i c i en t ,  JLa2) is given by: 

E q .  (51) t g"(RL3 + 5 2 '  

JL3 2 '53 - 5 2 )  

(3) Inner Discharge Cavity 

.__ dPLl 
d t  

1 

80 
$- 2 

dx tj 
wL3 + ' L A 1  dt - go 
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where 

= pocket capac i tance  YLPH~ 
cL1 = 'H1 

= l i n e  section capac i tance  
%O 

and t h e  c o e f f i c i e n t  
( Y L ~ A L ~ )  are assumed cons tan t  f o r  bo th  t h e  compress b l e  and incompressible  
computer s imula t ions .  

2) The capac i tance  (CL1 4- 

5 ,  Balance P i s t o n  Ci rcu i t -Ser ies  Flow 

The fol lowing set of equat ions  desc r ibes  t h e  flow through t h e  
series ba lance  p i s t o n  c i r c u i t ,  
f low enters on t h e  r i g h t  s i d e  of t h e  ba lance  p i s t o n ,  f lows outward through an 
o u t e r  r a d i a l  o r i f i c e ,  then  flows inward on t h e  l e f t  s i d e  of t h e  p i s t o n  through 
an i n n e r  r a d i a l  o r i f i c e  t o  t h e  d ischarge  l i n e .  
i n d i c a t e ,  t h e  pocket on t h e  r i g h t  s i d e  of t h e  ba lance  p i s t o n  w i l l  b e  a t  a 
h ighe r  p re s su re  than t h e  pocket on t h e  l e f t  s i d e .  
o r  r i g h t  s i d e  of t h e  ba lance  p i s t o n  w i l l  be  r e f e r r e d  t o  as t h e  high-pressure 
s i d e  and t h e  l e f t  s i d e  as t h e  low-pressure s i d e .  

As  shown on t h e  schematic  of F igure  No. C-2, 

As t h e  flow d i r e c t i o n  would 

For convenience, t h e  i n l e t  

a. I n l e t  Flow - High-pressure S ide  

Beginning at t h e  i n l e t :  

(1) I n l e t  P res su re  

2 

'hi 
- (tihi - GH0' - =  dPHS 

d t  

The l i n e  capac i tance  c h i w i l l  be  assumed cons tan t  
f o r  both incompressible  and compressible flow. 

(2) I n l e t  Orifice 

'HO - -  P 0 Eq. (54) 2 
'HS - %O ('HO' - LHO d t  Hp 

where 

and 

v 1  

I r O  
E ; -  

1 

2g 'HO D %O 

- 
'HO %o - 2 2  Eq. (55) 
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sjlmulated by 
For the  compressible case, t h e  dens i ty  y NO i s  

+ K  P E q .  (57) yHO = Kk Y HP 

which i s  a l i n e a r  approximat;ion of 

as developed i n  Attachment A of t h i s  appendix. 

(3) Pocket Pressure  - High-Pressure Side 

where 
E q *  (60) - 

'H 'Ho - $3' 

For compressible flow, t h e  r a t i o  of bulk modulus t o  
dens i ty  is given by 

= Kc KT 'HP m. (61) 

which is  a l i n e a r i z e d  approximation of 

which i s  developed i n  Attachment A of t h i s  appendix. 
is  assumed cpnstant  

The c o e f f i c i e n t  (yH%) 

b. Outward Flow - High-pressure Side 

where 

(1) Pocket Rota t iona l  Pressure 

- E q *  (63) 'H5 - 'HP 4- 'Hu5 

yH 2 2  2 2 
x - K  

pHw5 2g out  w r  (%6 %P ) Eq. ( 6 4 )  

Page 242 



For the  compressible case where the  dens i ty  is  low, 
i s  small and i s  neglected.  'Hw5 

(2) Outer Radial  O r i f i c e  

The r a d i a l  o r i f i c e  equat ions are defined i n  , 

Attachment B of t h i s  appendix. 
s i d e  is  descr ibed by 

The o u t e r  r a d i a l  o r i f i c e  on t h e  high pressure  

PH8 = 0 Eq. (65) 1 -- d'H5 - 
'H5 - "H58 JH67(hS-x) d t  

where 

and 

o r  

-=  yH58 1 (incompressible flow) 
YN 

-- 'H58 - L+ K ( pH5 pH') (compressible flow) 

Eq. (67) 
yN 'N 'N 

The o r i f i c e  ine r t ance  c o e f f i c i e n t  i s  given by 

c. P i s ton  Axial  Flow 

Af te r  flowing through the  ou te r  r a d i a l  o r i f i c e ,  t h e  flow 
passes  a x i a l l y  between the  o u t e r  p i s t o n  circumference and t h e  housing t o  the  
low-pressure s i d e  of t h e  p i s ton .  
fe rence  and housing can cons i s t  of e i t h e r  an annulus o r  a l abyr in th .  
genera l ,  t h e  flow is descr ibed by: 

The flow path between the  p i s ton  circum- 
I n  

2 d'H5 PL8 = 0 'H8 - KBPL ('H5) - LBPL dt - 

BPL For the  annulus flow pa th ,  t he  l o s s  c o e f f i c i e n t  KBpL and t h e  ine r t ance  L 
are small which y i e l d s  t h e  approximation 
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For the labyrinth flow path, the loss  coefficient and Inertance aye 
significant. 

d. Inlet Flow - Low-Pressure Side 
Pocket Pres sure 

1 
dt 

where 
vL = vLo + ALx 

and f o r  the compressible flow case 

The coefficient (yL%) is assumed 

e. Inward Flow 

(1) Pqcket 

a 
pL4 

where 

ie 

Lo4 P 

5 'L8 
cons rant 

- Low-Pressure Side 
Rotational Pressure 

'L8 'U4 

For the compressible cave 
PLw4 is small and neglected. 

where 

(2) Inner Radial Orifice 

Eq. (72) 

where the density i s  low, 

I dwL4 --P L1 = Q  - 
'L4 - "L41 JL32 '(hi + x) dt 
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and 

- = :  YL41 1 (incompressible flow) 
YN 

- =  'L41 - Kk + LL [ pL4 pL1) (compressible flow) 

Eq. (77) 
YN 'N 'N 

The o r i f i c e  iner tance  c o e f f i c i e n t ,  JL32, i s  given by 

= gT(%3 + RL2) 

RL3 - RL2 JL32 

(3) Inner Discharge Cavity 

where 

- - YL1 vL1 (pocket capacitance) 
cL1 B, 

= l i n e  sec t ion  capacitance 
%O 

%O The capacitance (CL1 + 2/ and the coe f f i c i en t  (yLlAL1) are assumed constant 
f o r  both the  compressible and incompressible computer simulations.  

6.  Load Pis ton  Flow Ci rcu i t  

The following equations describe t h e  flow through t h e  load . 
Referring t o  the  schematic of e i t h e r  Figure No. C-1 o r  p i s ton  c i r c u i t .  

No. C-2, t he  load piston c i r c u i t  cons i s t s  of an i n l e t  o r i f i c e ,  a p i s ton  cavi ty ,  
and labyr in th  passages between the  ou te r  p i s ton  circumference and the  housing. 
Beginning a t  t h e  load p i s ton  i n l e t ,  the  c i r c u i t  dynamic equations are defined 
i n  the  following sec t ions .  

a. I n l e t  Pressure 

The l i n e  capacitance C i s  assumed constant.  f i  
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b, Xnlet: Or i f i ce  

where 

e i t h e r  
For the  compressible case, t h e  dens i ty  yn i s  given by 

o r  i t s  l i nea r i zed  approximation as defined i n  Attachment A of t h i s  appendix. 
However, i n  t he  simulation of t he  force  p i s ton  in le t :  o r i f i c e ,  t h e  dens i ty  i s  
assumed constant.  
equipment f o r  more cr i t ical  por t ions  of t h e  computer model and w i l l  have a 
small a f f e c t  upon computer model accuracy. 

This is done as a s impl i f i ca t ion  to aonserve computing 

C. Cavity Pressure 

The v a r i a t i o n  of the volume, YF, with p i s ton  displacemenf, x, i s  neg l ig ib l e  
when compared t o  the  nominal o r  steady-state value. Therefore, t h e  volume, 
VF, i s  assumed Constant. 
r a t i o  of bulk modulvs t o  density ($IF is  given by 

For t h e  ompressible Elow aqalog simulation, t he  

o r  a l i nea r i zed  approximation given by 

[:IF = K C f KT Pn 
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as developed i n  Attachment A of t h i s  appendix. 
p i s t o n  rate -ar i s  assumed cons tan t  i n  t h e  compressible s imulat ion.  

The c o e f f i c i e n t  (YFAF) of  t h e  

d. Cavity Rotational Pressure  

where 

- K  'F 2 2  2 
'FW 2g FP 'r %P 

The equat ion f o r  PF,, gives  t h e  p re s su re  d i s t r i b u t i o n  ia 
This equat ion  is not  included i n  t h e  computer t h e  c a v i t y  caused by r o t a t i o n .  

s imula t ion  f o r  compressible flow because t h e  gas dens i ty  i s  very low and t h e  
pressure  increase, P F ~ ,  i s  n e g l i g i b l e .  

e. F i r s t  Labyrinth Seal 

The flow through t h e  l a b y r i n t h  seal between t h e  c a v i t y  
and d ischarge  l i n e  i s  given by 

= o  'FCl 'F1 - KF1 'F1 - LF1 dt - 
' 2  dwFl 

where t h e  flow l o s s  c o e f f i c i e n t ,  KF1, i s  b e s t  obtained by 
test .  The ine r t ance ,  LFI, i s  given by 

&L 
LF1 

f .  Discharge Pressure  

The l i n e  s e c t i o n  capac i tance  (Cfi) i s  assumed cons t an t .  

g. Second Labyrinth S e a l  

= o  Eq. (93) 
2 dwF 2 

'FCl - KF2 'F2 - LF2 dt - 'FC2 
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h. Vent- Line Pressure 

The l ine  capacitance, CfoL is assumed constant. 

With compressible gas flow, the discharge l i n e  is  
assumed t o  be closed, and t h e  t o t a l  flow is assumed t o  be  discharging a t  t h e  
vent. Therefore, the  discharge pressure,  Equation (921, is  not  included i n  
the  compressible flow computer simulation and the  two labyr in th  Equatiops, 
(90) and (93), are combined t o  obta in  t h e  t o t a l  l aby r in th  f low.  

7. Pis ton  Forces 

The p is ton  fo rces  are obtaiped from an in t eg ra t ion  of the .  
pressures over t he  f ace  of t h e  p is ton .  
of the force and balance p is tons  is described i n  Attachment C of t h i s  appendix. 
I n  addi t ion ,  the  forces  on t h e  lands o r  s i l ls  r e s u l t b g  from squeme f i l m  
effects also are described i n  Attachment C. 
Attachment C, which def ine  s i l l  forces  i n  terms of s i l l  pressures,  are pot 
used i n  the  computer simulation, 

we in teg ra t ion  over t h e  various areas 

However, the equations o f  

As explained i n  the develapment OF the  r a d i a l  o r i f i c e  squa- 
t i ons  o f  Attachment B of t h i s  appendix, t o  reduce simularion complexity, t h e  
s i l l  flow loss was lumped together with t h e  s i l l  entrance and exEit: losses. 
Therefore, t he  pressures within t h e  si l ls  which are needed CQ use t h e  g i l l  
f o rce  equarions of Attachment C are not obtained i n  the  simulation. 
reason, approximate s i l l  forces  were developed by assuming that t he  inner hqlf 
of the  s i l l  diameter is  acted upon by the  inner pressure and t h e  ou te r  ha l f  of 
t h e  s i l l  diameter is  acted upon by the ou te r  pressure.  The majw component; QE 
force is  generated by the  pocket pressure acroas t h e  pocket area; cherefora,  
t h e  sill approximation does not  r e s u l t  i n  an appreciable e r r o r r  

For t h j s  

a. Balance Pis ton  Force - Parallel Flow 

(1) High-pressure Side 

The t o t a l  force  on the  high-pressure s i d e  of t h e  
p a r a l l e l  flow balance p i s ton  is given by 

FH %l 'H1 i- %4 'H4 * %P 'HP * FH * 415 'H5 

f, (3 
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where 
2 

532 + %3 
AH1 = .( 2 1 

Eq, (103) 
0 & < O  

d t  - 
The double i n t e g r a l  terms i n  Equation (102) are 

evalua ted  i n  Attachment C of t h i s  appendix. 
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(2) Low-Pressure Side 

The t o t a l  force on t h e  low-pressure s i d e  of t h e  
p a r a l l e l  flow balance  p i s t o n  is  given by 

FL 
= 

AL1 pL1 + p t 4  pL4 + %P pLP + FL + $5 pL5 

and 

u 

%8 ’L8 %S (hs + 3 

Eq.  (105) 

Eq. (106) 

Eq. (107) 

E q ,  (109) 
L 

Eq.  (110) %7 + %6 
%8 = ‘[%: - [ 2 

RL3 r 
( sec  01) L32 l-nj 1 1% B’ dy dy d r  

RL2 z2 

I-ln (1-n) (0.075l)n 

53s = 2 gl-n 

. 
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Eq. (112) 

The double i n t e g r a l s  i n  Equation (111) are evaluated i n  Attachment C of t h i s  
appendix, 

Although the  "sec a'' terms of Equations (102) and 
(111) are va r i ab le s  which are dependent upon weight flow and s i l l  gap width, 
they were evaluated at nominal conditions and assumed constant i n  the  computer 
simulation, The square exponent on the ve loc i ty  terms of Equations (103) and 
(112) are an approximation of the exponent (2-n) as developed i n  Attachment C. 
The squeeze f i l m  terms are neglected i n  the  compressible flow case because of 
t h e  low values of gas dens i ty  and v i scos i ty .  
( F H ~ )  and ( F L ~ )  a l s o  a r e  neglected f o r  the  compressible case because t h e  gas  
density i s  low. 

The r o t a t i o n a l  force  terms 

b. Balance P is ton  Force - Series Flaw 

(1) High-pressure Side 

The t o t a l  fo rce  on the  high-pressure s i d e  of t h e  
series f low balance p i s ton  is  given by 

H (i) f 

3 
(hs-x) 

FH = PHp f FH -t %I5 'H5 + %I8 'H8 %S 

where 
Eq, (113) 

Eq. (114) 

Eq.  (116) 

Eq. (117) 
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Eq. (118) 

fH(d = { Eq. (119) 

dx 
d t  - 0 * - - < o  I 

The double i n t e g r a l  term i n  Equation (118) i s  evalu- 
a t ed  i n  Attachment C of t h i s  appendix. 

(2) Low-Pressure Side 

The t o t a l  force  on the  low-pressure s i d e  of t he  
series flow balance p i s ton  i s  given by 

f L  (5 )  
'L = % l p L l  %4'L4 %'L8 - FLw + KLS (hs + x) 3 

where 

$1 = n[[ 5 3  + 2 %2 )k] 
% 4 =  @- [ 2 i'] %3 + RL2 

Eq. (120) 

Eq. (121) 

Eq. (122) 

Eq. (123) 

Eq, (124)  

%3 r 

%2 %2 

( 0 . 0 7 9 ) ~  un Y 1-n /. [ $5 dy d r  L32 (sec a) - 
5 s  - 2g1-n 

Eq. (125) 

Page 252 



dx 
d t  - 0 - > o  

fL(d - Eq. (126) 

The double i n t e g r a l  term i n  Equation (125) is evalu- 
a t e d  i n  Attachment C of t h i s  appendix. 

The "sec a'' terms of Equations (118) and (125) were 
eva lua ted  a t  nominal condi t ions  and assumed cons tan t .  
v e l o c i t y  Equations (119) and (126) i s  an approximation of t h e  v e l o c i t y  r a i s e d  
t o  t h e  power of (2-n) developed i n  Attachment C. For compressible flow where 
t h e  gas d e n s i t y  and v i s c o s i t y  are low, t h e  squeeze f i l m  terms are neglec ted .  
The r o t a t i o n a l  f o r c e  terms ( F H ~ )  and (FL~) a l s o  are neg lec t ed  f o r  t h e  compress- 
i b l e  case. 

The square  of t h e  

c. Load P i s t o n  Force 

The f o r c e  on t h e  load  p i s t o n  is  given by 

FFP = AF 'FP 4- FFw Eq. (127) 
where 

lryFP 2 2 4 
FFbl 4g KJ?P wr FP 

= -  

Eq. (128) 

Eq. (129) 

neg lec t  
The f o r c e  t e r m  a t t r i b u t a b l e  t o  r o t a t i o n ,  FFu, w i l l  be  

d f o r  the  compressible flow case where t h e  gas  dens i ty  is  low. 

8 ,  P i s t o n  Motion 

A diagram of t h e  p i s t o n  and i t s  suppor ts  is shown on 
Figures  No, C-1 and No. C-2. The p o s i t i v e  displacement of t h e  p i s t o n  is  i n  
t h e  d i r e c t i o n  which would r e s u l t  from an  inc rease  i n  load  p i s t o n  p res su re  
which is  t o  t h e  r i g h t  i n  F igures  No. C-1 and No. C-2, P i s ton  motion i s  
descr ibed  by 

FFP FL - FH = $ & + E & + K x  Eq. (130) 

9. Analog Computer Simulat ion 

The fo l lowing  d i scuss ions  desc r ibe  t h e  electrmic analog 
computer s imula t ions  of t h e  t h r u s t  ba l ance r  mathematical  models developed i n  
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t h e  previous sec t ions .  The analog computing equipment used i n  t h i s  study con- 
s i s t e d  of a PACE Model 24-D and a PAC@ Model 131-R with 120 and 60 opera t iona l  
ampl i f ie rs ,  respec t ive ly ,  The series f l o w  balancer was completely simulated 
on the  Modal 24-1) computer, while both computers were required f o r  t he  more 
complex p a r a l l e l  €low system. 
given by Johnson(3). 

A discussion of analog computing techniques is 

Although the  incompressible and compressible models are very 
similar, both were simulated separa te ly  t o  make the  most e f f i c i e n t  use of t he  
computing equipment. Therefore, fou r  separate simulations were required f o r  
a l l  of the balancer configurations.  
similar b a s i c  elements or blocks and a complete desc r ip t ion  of each simulation 
would be reduvdant. 
flow model was se l ec t ed  t o  be described i n  depth while only the  d i f f e r e n t  o r  
special f ea tu res  of the  o ther  simulations are discussed. However, the sche- 
matics of a l l  four  simulations are included i n  t h i s  appendix. 

A l l  four  simulations are composed of 

The computer simulation of t h e  incompressible p a r a l l e l  

a. Parallel  Flow Balancer - Incampressible Flow 

Simulation diagrams f o r  the  incompressible parallel flow 
balancer are given as Figures N o .  C-5 through No. C-16, Each major s ec t ion  of 
t he  simulation is  labe led  as t o  the element of t he  t h r u s t  balancer model which 
i t  represents ,  The following paragraphs explain each sec t ion  o f  t he  simulacion. 

Simulation diagrams of t h e  i n l e t  and r e tu rn  l i n e s  are 
shown on Figures No. C-5 and No. C-6. Each l i n e  i s  simulated as two lumped- 
parameter sec t ions .  
represents  i s  approximately equal t o  one-sixth a wave-length a t  the  maximum 
frequency 05 i n t e r e s t .  With a maximum frequency o f  i n t e r e s t  of 1000 cps ,  two 
lumped sec t ions  represent  a t o t a l  l i n e  length of approximately 20-in. f o r  t he  
water flow case and &in. f o r  t he  gaseous nitrogen flow case. 

The length of l ine  t h a t  each lumped-parameter s ec t ion  

From t h e  l i n e s ,  flow passes through the  i n l e t  o r i f i c e  
i n t o  the  p i s ton  cavity.  
for the  high-pressure and low-pressure s i d e  of the p i s ton  are shown on 
Figures No. C-7 and No. C-8, r espec t ive ly .  These f igu res  a l s o  include the  
summation of force  components t o  obtajn the t o t a l  force  on each s i d e  of t he  
piscon, 

The simulation sec t ion  which represents  these elements 

The simulation of the  outward flow through the  ou te r  
r a d i a l  o r i f i c e  on the high-pressure s i d e  of the  p i s t w  is shown on Figure 
No, C-9. The pressure drop through the  r a d i a l  o r i f i c e  is obtained as a func- 
t i o n  of both the weight flow and p i s ton  gap as described i n  Attachment B of 
t h i s  appendix, The function of weight flow i s  obtained from a second order 
polynomial involving weight flow while the  s i l l  gap function i s  obtained from 
a t h i r d  order  polynomial f o r  the  inverse of t he  s i l l  gap. Although t h e  func- 
t i o n s  a l s o  could have been obtained from a function generator,  t he  polynomial 
method of function generations was se l ec t ed  t o  f a c i l i t a t e  parameter changes. 

(3) Johnson, C. L., Analog Computer Techniques, M c G r a w - H i l l ,  1956 
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The simulat ions which descr ibe  the  flow through t h e  
o t h e r  r a d i a l  o r i f i c e s  are s&milar t o  t h a t  descr ibed  f o r  t h e  high-pressure 
ou te r  o r i f i c e .  The simulat$.on schematics are shown on Figures  No. C-10 through 
NO. 6-12, 

The simulat ion s e c t i o n  shown on Figure No. C-13 generates  
t h e  f i r s t ,  second, and t h i r d  power of t h e  inve r se  of the sill gap f o r  each s i d e  
of t he  p is ton .  
c h a r a c t e r i s t i c s  and the  squeeze f i l m  f o r c e s ,  

These value4 are used i n  t h e  generat ion of the r a d i a l  o r i f i c e  

The mechanical c h a r a c t e r i s t i c s  of t h e  p i s t o n  and i ts  
supports  are represented  by a po r t ion  of t h e  s imulat ion shown on Figure 
No. C-14. 
and ve loc i ty .  

The sp r ing  and f r i c t i o n  fo rces  are linear func t ions  of displacement 

The s imulat ion of t h e  equat ions which descr ibe  t h e  fo rces  
r e s u l t i n g  from squeeze f i l m  effects a l s o  is  shown on Figure No, C-14. 
fo rce  is s imulated as a nonl inear  func t ion  of ve loc i ty  and s i l l  gap. 

The 

The i n l e t  and r e t u r n  l i n e s  of t h e  fo rce  p i s t o n  c i r c u i t  

Simulation of t he  second 
are simulated as shown on Figure No, C-15. 
f o r  t he  balance p i s ton  l i n e s  previously descr ibed,  
l aby r in th  s e c t i o n  of t h e  f o r c e  p i s ton  c i r c u i t  a l s o  is  included on Figure 
No. C-15. 
l abyr in th  is shown on Figure No. C-16. 

This s imula t ion  is  similar t o  t h a t  

The fo rce  p i s t o n  flow c i r c u i t  from i n l e t  o r i f i c e  through t h e  f i r s t  

b .  S e r i e s  Flow Balancer - Incompressible Flow 

Simulqtion diagrams f o r  the incompressible series flow 
ba lancer  are shown on Figures  No. C-17 through No. C-24. The s imulat ion of 
t h e  series flow ba lancer  is  very similar t o  t h a t  previously descr ibed f o r  t h e  
p a r a l l e l  flow case. The p r i n c i p a l  d i f f e rence  is a rearrangement of t h e  b a s i c  
elements and a reduct ion  i n  complexity, The only a d d i t i o n a l  element i n  t h e  
series flow ba lancer  c i r c u i t  i s  the  flow pa th  around t h e  p i s t o n  circumference. 
This element i s  simulated on Figure No, C-19 so  t h a t  e i t h e r  an annulus o r  a 
l abyr in th  can be  represented.  

c. P a r a l l e l  Flow Balancer - Compressible Flow 

Simulation diagrams for t he  compressible p a r a l l e l  flow 
ba lancer  are shown on Figures No, C-25 through No. C-35. 
i s  sca l ed  f o r  t h e  400 p s i  t o  200 p s i  pressure  range. 
between t h e  s imula t ion  of the  compressible model and t h e  previously descr ibed 
incompressible model is  t h e  add i t ion  of v a r i a b l e  va lues  of f l u i d  dens i ty  qnd 
bulk  modulus. 

The s imulat ion shown 
The p r i n c i p a l  d i f f e r e n c e  

The s imula t ion  of t h e  balance p i s ton  i n l e t  and r e t u r n  
lines i s  shown on Figures No. 6-25 and No. C-26. The Pine s imulat ion i s  
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similar i n  form t o  t h a t  f o r  t h e  incompressible case except t h a t  t h e  loss term 
was made a Linear function of weight flow. 
conserve computing equipment required f o r  t he  addicion of t h e  variable f l u i d  
dens i ty  . 

This s impl i f l ca t ion  was made t o  

Figures No. C-27 avd No. C-28 are the  simulation diagrams 
of t he  in le t  o r i f i c e ,  p i s ton  cavi ty ,  and t h e  force  simu1at;lon of the  high- 
pressure and low-pressure s ides  of t h e  p i s ton ,  respec t ive ly ,  The o r i f i c e  pres- 
s u r e  drop is a function of a va r i ab le  f l u i d  density.  
bulk modulus t o  dens i ty  i n  t h e  cav i ty  a l s o  is a var iab le .  

The r a t i o  o f  t he  f l u i d  

The simulation of tho r a d i a l  o r i f i c e s  i s  shown i n  

The r a t a t i o n a l  e f f e c t s  of the  f l u i d  i n  the  p i s ton  pocket 
Figures No, C-29 through No. C-32. The o r i f i c e  pressure l o s s  also is  a fUnG- 
t i o n  of density.  
are neglected i n  the compressible case. 

The squeeze f i l m  e f f e c t s  were not  included i n  the  
compressible flow simulation. 

d, Series Flow Balancer - Compressible Flow 

Simulation diagrams fox the compressible s e r i e s  flow 
balancer are shown fzs Figures No. C-36 through No. C-43. This sirnulatian i s  
a rearrangement of the  b a s i c  sec t ions  of t h e  p a r a l l e l  compressible simulation, 

10. Linearized D i g i t a l  Computer Analysis 

Although the  system dynamic study wae conducted on the  analog 
computer, it: was considered prudent t o  v e r i f y  t h e  predicted dynamic behavior 
by neaps of a d i g i t a l  computer program. Aerojet-General Computer Progrqm E32205 
compqtes the  Eigenvalues, A, and the  s e n s i t i v i t y  i s  defined by -&. A discussion 
of t h i s  technique ;Is given by Van Ness, e t  a l ( 4 ) .  

The system se l ec t ed  f o r  t he  appl ica t ion  o f  t h i s  dynamic veri- 
f i c a t i o n  was the  combination of t he  load p i s ton  c i r c u i t ,  s e r i e s  flow balance 
p i s ton  c i r c u i t ,  and the  p i s ton  mechanical circuit f o r  compressible flow. 
Following the  system se l ec t ion ,  the system equaticms were reduced t~ a set  of 
simultaneous, l i n e a r ,  f i r s t -o rde r ,  d i f f e r e n t i a l  equations which c o n s t i t u t e  t he  
state vector form. The r e s u l t s  of t h i s  study are described i n  the  discussion 
o f  parametric s tud ie s .  

a, Load Pis ton  Ci rcu i t  

The load p is ton  f l u i d  c i r c u i t  equations €or compressible 
flow were l inea r i zed  f o r  small per turba t ions  and expressed i n  t h e  following 
state vec tor  form. 

( 4 )  Van Ness, 'J. E. ,  Boyle, J. M,, and Imad, E .  P . ,  " S e n s i t i v i t i e s  of Large 
Multi-Loop Control Systems," IEEE Transactions on Automatic Control, 
 YO^, AC-10, NO. 3, Ju ly  1965 
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F i r s t  Line S e c t i o n  

. .  
dif2 Rf 1 1 

p f i  
- e -  

Lf i d t  

L i n e  P r e s s u r e  

1 
fif i' 

3- 
1 dpf i - 

cf i d t  

Second Line S e c t i o n  

dif i 1 Rf 1 1 
d t  L f i  'fi  L~~ 'fi - ET; 'FS 

.",- - v -  

I n l e t  P r e s s u r e  

2 
'FO 

- -  dP FS 2 .  
d t  ' f i  'fi cfi - = -  

In l e t  Orifice 

1 iFO - - RFO - -  1 
LFO 

- e -  
'FS LFo LFo 'FP d t  

Cavi ty  P r e s s u r e  

-.---e- dP FP P I C  B 'F--  "F 2 
d t  vF 'FO VF vF 

L a b y r i n t h  Flow 

dGF 1 RF 1 
d r  LF pFP LF 'F - 'FC2 

- -  __c = -  

Discharge  P r e s s u r e  

L 

'Fi I- 2 
tjF - 'fo 

-e dpFC2 1 
d t  'FO cf 0 f -  'Fi 2 
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D i s  chafge bine 

d+fO 1 - m -  

Lf 0 
d t  

b. Balance 

R f O  
'fo 

- -  
'FC2 L f o  

P is ton  - Series Flow Ci rcu i t  

Arranging the  compressible series flow balance piaton 
equations i n  l i n e a r i z e d  state vec tor  form y ie lds  

F i r s t  In l e t  Line Section 

1 
'h2 - 5 'hi 

R 
d'h2 h i  

L h i  
- e -  

d t  

Line Pressure 

1 
'hi 

- -  1 - x  dPhi _3_ 

d t  'hi 'h2 Chi 

Second I n l e t  Line Section 

1 
'HS 

e- 
R h i  - -  dhh 1 - = -  

d t  Lh i  'hi Lhi 'hi Lhi 

I n l e t  Pressure 

2 
'HO ihi - - dPHS 2 - = -  

'hi ch i  d t  

I n l e t  Or i f i ce  

dfiHO 1 RHO 1 - = -  
WHO - 'HP 

c- 

d t  LHO 'HS LHo 

Pocket Pressure 

B 
$5 

c- 
B -I--- 

'HO yVH dPHP $%I i+- 
vH yvn d t  
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Outer Piston S i l l .  

'"H58 1 
'np - = -- , X I - -  

$6 7 
- d'H5 1 

% 67 a x  d t  

Pocket Pressure (Low-Pressure Side) 

B 
'L4 

- -  B 
%l5 'VL - -  BAL A + - -  dP 8 - x  

d t  vL YVL 

Inner P is ton  S i l l  - 
aAPL41 - ax 

1 x - -  P -  
LL32 LL32 

1 

LL32 p L i  
-_i 

Discharpe qres sure  

dPLi Y A L i  i -  , ,  1 , 1 
" %oi 

%O 
cLi  + T 'Li + T cJA + T 

p m - 4  wL4 - d t  550 %O 

F i r s t  Discharge Line Section 

1 d%oi 1 RRo ' ,d- 

d t  LQo 'Li L~~ 'Roi LRO PRoi 
- -  -3-= - 

Line Pressure 

1 '  
wR02 'Roi cRo - -  dPRoi 1 '  -= - 

Ro d t  

Second Discharge Line Section 
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c. Mechanical Sys tern 

Axranging the mechanical equations in  s tate  vector form 
yields 
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B, PARAMETRIC STUDY 

A study w a s  conducted t o  determine t h e  e f f e c t s  of v a r i a t i o n s  
i n  p r i n c i p a l  parameters upon system operation aqd s t a b i l i t y .  
models and analog computer simulations described i n  the.previ.oub discussion 
were used i n  t h e  parameter study. A separa te  study w a s  conducfcitd f o r  each 
of the  four  t h r u s t  balance systems. For each system, a nominal set of 
parameters w a s  se lec ted , -about  which v a r i a t i o n s  i n  c e r t a i n  parameters were 
made. 
sirpulation f o r  each parameter va r i a t ion .  

The mathematical 

Records of system response were obt  ed from t h e  analog cdmputer 

The parameters s e l ec t ed  t o  be included i n  t h e  study are associated 
with the  p r i n c i p a l  elements of the  balance p i s ton  flow path. 
parameters include the  diameter of t h e  balance p i s ton  infer o r i f i c e s ,  the 
depth of t he  p i s ton  pocket, and t h e  width of t he  p i s ton  sills. 

The se l ec t ed  

Records of t h e  response of the  system t o  both s t e p  and s ipusoida l  
e x c i t a t i o n  were obtained. 
source assoc ia ted  wi th  e i t h e r  the  load p i s ton  o r  t h e  hfgh-pressure s i d e  of 
t he  balance piston. 
reduced t o  frequency response information cons is t ing  of t he  amplitude, ratip 
and phase angle of t h e  peak-to-peak p i s ton  displacement t o  the  peak-to-peak 
s inuso ida l  source pressure.  

The system exc i t a t ion  w a s  introduced i n  t h e  pressure 

The r e s u l t s  obtained from t h e  s inuso ida l  tests were 

1. Paral le l  Flow Balancer - Incompressible Plow 

A l is t  of t he  nominal parameters used i n  the  study of 
t he  incompressible, p a r a l l e l  flow balancer is  shown on Table C-T, The 
nominal configuration has a s i l l  width of 0.5-in., an inlet  o r i f i c e  of 
0.1-in., and a p i s ton  pocket depth of 0.05-in. 

Frequency response p l o t s  obtained from the  simulation of the  
nominal system are shown onFiguresNo. C-44 and No. C-45. Figure No. C-44 
shows t h e  amplitude r a t i o  and phase angle of p i s ton  displacement with respec t  
t o  a s inusoida l  exc i t a t ion  a t  the  load p i s ton  pressure  source. 
r a t i o  i s  given i n  dec ibe ls  and phase angle i n  degrees. 
Figure No, C-44 shows a low damped anti-resonance and resonance? a t  approximately 
450 cps and 600 cps, respec t ive ly .  
balance p i s ton  pressure  exc i t a t ion  given on Figure No. C-45 shows similar 
c h a r a c t e r i s t i c s  Wcept t he  frequencies a t  which they occur are d i f f e r e n t ,  

Amplitude 
The p l o t  on 

The r a t i o  of p i s ton  displacement t o  

The response of t h e  system t o  a pressure  s t e p  from 1000 p s i  
t o  200 p s i  a t  the  load p i s ton  source is shown on Figures No% C-46 and 
No, C-47. 
a f t e r  which, t he  response quickly dampens out.  Some small, low damped 
o s c i l l a t i o n s  of approximately 1400 cps are noted i n  t h e  pressure and weight 
flow traces. 

The p i s ton  displacement shows an overshoot of approximately 14% 

A modification of the  feed l i n e  parameters 'resulted i n  changes 
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- TABLE C- I  

PARAMETER VALUES - INCOMPRESSIBLE FLOW 

B 

‘f i 

cfo 

‘hi’ ‘li 
‘ho’ ‘10 
cO 

D 

Para l le l  
Balancer 

100 

3. O X ~ O - ~  

2 . 0 8 ~ 1 0 - ~  
6 2 .18~10 

1 . 0 5 ~ 1 0 - ~  

2 . 0 8 ~ 1 0 - ~  

0.05 

1.0 
0.1 
0.0006 

dFO 

dHO’ dLO 

hS 

%O 
KF1 

K 500 000 

0.1185 

0.40 

2.0 KF2 
Kf i 7 . 0 5 ~ 1 0 - ~  

1 . 5 9 ~ 1 0 ~ ~  Kf 0 
%SF 3 o ~ ~ o - ~  
S S F  3 .  o ~ ~ o - ~  
530’ ?LO 32.9 

K h i ’  Kli 3 . 5 4 ~ 1 0 - ~  

530) Klo  5 * 1x10-2 

Kout’ Kin  0.5 

2. 2x10-2 
KO 

Series 
Balancer 

100 

8. Ox10m7 

1. 6x10T6 

2 . 4 8 ~ 1 0 - ~  

3 .  2x10-6 

0-05 

0.5 

0.1 

0.006 

250 000 

1.9 

2.45 

2.45 

2 . 7 8 ~ 1 0 ~ ~  

9 , 4 ~ 1 0 - ~  

32.9 

4 . 7 4 ~ 1 0 - ~  

1 . 7 3 ~ 1 0 - ~  

3. 2x10-2 

2. 1x1~-7 

0.5 

Units 

lb-sec/in.  
2 i n .  
2 i n .  
2 i n .  
2 i n .  
2 i n .  

- 

i n .  
i n .  

i n .  

i n  

l b / in .  

s ec  / lb-in.  

s ec  /lb-in. 

sec /lb-in. 

s ec  /lb-in. 

sec /lb-in. 

2 2 

2 2 
2 2 
2 2 

2 2 

- 
2 2 

2 2 

2 2 

2 2 

2 2 

s ec  /lb-in. 

sec /lb-in. 

sec /lb-in,  

sec /lb-in. 

sec /lb-in. 
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TABLE C - I  (cont.) 

LFO 
LF 1 

LF2 

L f i  

Lfo 

LHO ’ LLO 
‘hi’ Lli 

Lho’ L l o  

LO 

NRPM 

%P 

RHP 

RH2, %2 

%3’ %3 

%7¶ %7 

5 s ’  5 s  
‘F 

M 

%6’ %6 

‘Hl’ ‘L1 

‘8 
B 
Y 

Parallel 
Balancer 

8 . 2 5 ~ 1 0 - ~  

9. ~ x I O - ~  

1 ox10-2 
2 1 . 0 8 ~ 1 0  

1 . 4 7 ~ 1 0 - ~  

1 . 3 7 5 ~ 1 0 - ~  

1 4 1 ~ 1 0 - ~  

2 . 9 4 ~ 1 0 - ~  

1 . 4 7 ~ 1 0 ~ ~  

. lo3  

10 ’ 000 

3.625 

2.75 

1.5 

2.0 

3.5 

4.0 

0.8 

17.62 

5.05 

26.4 

3 .26~10  

3 . 6 2 ~ 1 0 ~ ~  

5 

S e r i e s  
Units Balancer - 
2 2 

2 2 
2 2 

2 2 
2 2 

3. 3x1OY3 sec llb-in.  

5. sec llb-in.  

5. sec llb-in.  

5 . 5 6 ~ 1 0 - ~  sec /lb-in. 

2.7 8x1OY2 sec /Ib-in. 

1 . 7 8 ~ 1 0 - ~  sec lLb-in. 

1 . 3 9 ~ 1 0 - ~  

1 . 3 7 5 ~ 1 0 - ~  sec 2 /lb-in. 2 

sec 2 /lb-in. 2 

2 2 

2 2 - see /lb-in. 

. lo3 lb-sec / in .  2 

10,000 RPM 
3.625 in .  

2.875 in .  
1.75 i n .  

2.25 i n .  

3.5 i n .  

4.0 i n  

1.5 

17.62 

i n .  
i n .  3 

3 
3 

5.05 i n .  

- i n .  

p s i  3 . 2 6 ~ 1 0  

3 . 6 2 ~ 1 0 - ~  l b  / i n .  

5 

3 
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-0.005 in. 
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-2.5 in/sec 

50,M)o lb. 

FH 

0 
loo0 pal  

pHP 
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10 lb/iec. 
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i n  these  o s c i l l a t i o n s  which i n d i c a t e s  t h a t  they are a s s o c i a t e d  wfth t h e  f eed  
l ines.  
700 cps t o  750 cps a l s o  are noted i n  t h e  p re s su re  and wefght flows. This  
frequency corresponds approximately wi th  t h e  resonant  f requency noted i n  t h e  
frequency response of F igure  No. C-45. 

O s c i l l a t i o n s  a t  t h e  beginning of t h e  t r a n s i e n t  i n  t h e  range of 

Weight f low t o  t h e  high-pressure s i d e  increases cons iderably  
af ter  t h e  f o r c e  p i s t o n  p res su re  is  decreased whi le  t h e  weight f low t o  the  
low-pressure s i d e  remains n e a r l y  cons t an t .  This  i n d i c a t e s  t h a t  t h e  low- 
p res su re  flow i s  determined p r i n c i p a l l y  by t h e  i n l e t  o r i f i c e  f o r  t h e  r e s u l t i n g  
p i s t o n  p o s i t i o n s ,  

During t h e  response t o  a s t e p  i n  load  p i s t o n  i n l e t  p re s su re ,  
t h e  traces of load  p i s t o n  c a v i t y  p re s su re  and f o r c e  become momentarily 
nega t ive  dur ing  t h e  t r a n s i e n t .  However, t h i s  is  no t  p o s s i b l e  i n  t h e  a c t u a l  
case; t h e r e f o r e ,  t he  r e s u l t s  of t h e  test are no t  completely valrld. The 
nega t ive  p o r t i o n  is  so  small t h a t  i t  i s  n o t  expected t o  a l ter  t h e  r e s u l t s  
s i g n i f i c a n t l y .  

The system response t o  a s t e p  from 1000 p s i  t o  400 p s i  i n  
balance p i s t o n  source  p re s su re  i s  shown on Figures  No. C-48 and No. C-49. 
The p i s t o n  response shows n e g l i g i b l e  overshoot wh i l e  t h e  p re s su res  and weight 
f lows show t r a n s i e n t  o s c i l l a t i o n s  of approximately 475 cps ,  

' -  

During t h e  parameter s tudy ,  s i l l  widths  were set a t  0.25-in., 
0.50-in., and 0.75-in. For each of t h e s e  s i l l  wid ths ,  t h e  i n l e t  o r i f i c e  w a s  
v a r i e d  from 0.1-in. t o  0.17-in. and t h e  p i s t o n  pocket depth  from 0.025-in. 
t o  0.10-in. 
n o t  i l l u s t r a t e d ,  they are d iscussed  i n  gene ra l  and r e p r e s e n t a t i v e  cases shown. 

Although response records  from all of t h e s e  conf igu ra t ions  are 

Figures  No. C-50 and No. C-51 show t h e  r e s u l t i n g  response 
of t he  system t o  a s t e p  i n  load  p i s t o n  p res su re  wi th  t h e  i n l e t  o r i f i c e  
diameter increased  t o  0.17-in. A comparison of t h e s e  resul ts  wi th  those  
obtained wi th  a 0.1-in. o r i f i c e  shows no g r e a t  change. The overshoot i n  
p i s t o n  displacement is s l i g h t l y  g r e a t e r  whi le  t h e  o s c i l l a t i o n s  i n  p re s su re  
and weight flows are less. With t h e  l a r g e r  o r i f i c e ,  t h e  apparent  s t i f f n e s s  
of t he  system i s  increased  and t h e  p i s t o n  displacement i s  less. The decrease  
i n  p re s su re  and weight flow o s c i l l a t i o n s  wi th  t h e  l a r g e r  ba lance  paiston 
o r i f i c e s  i n d i c a t e  t h a t  t h e  o s c i l l a t i o n s  are as soc ia t ed  wi th  t h e  l o a + p i s t o n .  
The s t i f f e n i n g  e f f e c t  of t h e  ba lance  p i s t o n  dampens t h e  o s c f l l a t i o n s  out  
more quickly.  

An i n c r e a s e  i n  s i l l  width t o  0.75-in. w i th  o t h e r  parameters  
nominal r e s u l t s  i n  t h e  response shown on Figures  No.'C-52 and  N. C-53. 
Examination of t h e  response of p i s t o n  displacement shows a s l i g h t  amou?it of 
r ing ing  which w a s  n o t  p re sen t  i n  t h e  nominal case. Although r eco rds  f o r  t h e  
0.25-in. s i l l  are n o t  shown, t h e  r e s u l t i n g  p i s t o n  displacement t r a n s i e n t  w a s  
a damped response wi thout  any overshoot.  
t he  records i n d i c a t e  a more o s c i l l a t o r y  and less s t a b l e  system wi th  t h e  wider  
sill .  

Although t h e  d i f f e r e n c e  i s  small ,  

--- 
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h = 0.05 in, 7 

Figure c-48 Step Response - Incompressible, Parallel Balancer 
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Figure C-49 Step Response - Incompressible, Parallel Balancer 
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Figure c-50 Step Response - Incompressible, Parallel Balancer 
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Figure C-51 Step Response - Incompressible I Tarallel Balancer 
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Piston Sill Width = 0.75 in. i . 
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Figure C-52 Step Response - Incompressible, P a r a l l e l  Balwcer 
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A comparison of records with pocket depths of 0,025-i.n,, 
O.OTO- in , ,  and 0.1-in. i n d i c a t e  near ly  i d e n t i c a l - r e s u l t s ;  Therefore, the  
s e n s i t i v i t y  of pocket.depth upon system operation i s  small, 

The r e s u l t s  of t he  parametric study showed t h a t  the p a r a l l e l  
incompressible flow ba3ancer is  q u i t e  i n s e n s i t i v e  t o  parameter changes. 
Increasing t h e  s i l l  width r e s u l t s  i n  a s l i g h t l y  more o s c i l l a t o r y  system 
while v a r i a t i o n s  i n  i n l e t  o r i f i c e  and pocket depth produced no ’g rea t  change, 

2 .  Series Flow Balancer - Incompressible Flow I 

A l is t  of t h e  nominal parameters used - In  the  hcompress ib le  
series flow case is provided as Table C-11,  
nominal configuration has a s i l l  width of 0.5-in., an i n l e t  o r i f t c e  of 
O,l-in., and a p is ton  pocket depth of 0.05-in. 

A s  with t h e  p a r a l l e l  case, the  

Frequency response da ta  f o r  the  nominal c a m  i s  shown on 
Figures Yo. C-54 and No. C-55. Records of t h e  nominal system response t o  a 
preasure s t e p  a t  the  load p i s ton  and balance p i s ton  sources are shown on 
Figures No. C-56 and No. C-57, respec t ive ly .  These records are used f o r  
comparison of t he  nominal response with those obtained with parameter va r i a t tons .  

With the  i n l e t  o r i f i c e  diameter increased t o  0.2-in., t he  
frequency response functions change t o  t h a t  of Figures No.  C-58 and No. C-59. 
Comparing these  responses with those f o r  t h e  nominal o r i f i c e ,  i t  is evident 
t h a t  the  resonant peaks become higher as t h e  o r i f i c e  diameter i s  increased. 
The higher resonant peaks ind ica t e  t h a t  t h e  system Eigenvalues or  closed-hog 
poles have moved toward the  uns tab le  region. 
p i s ton  source pressure  (Figure No. C - 6 0 )  a l s o  i s  more underdamped than i t  
previously was i n  the  nominal case. This subs t an t i a t e s  t he  r e l a t i v e  decrease 
i n  s t a b i l i t y  noted i n  the  frequency response records. 
response t o  a s t e p  i n  balance p is ton  sovrce pressure (Figure No. C - 6 1 )  i s  less 
pronounced # 

The response t o  a step i n  load 

The d i f fe rence  i n  

Figures No. C-62 and No. (2-63 show t h e  r e s u l t i n g  frequency 
response records of t h e  system with the  pocket depth increased t o  0.1-ln. 
A comparison of these records with those obtained f o r  t h e  nomfrnaf case shows 
only minor d i f fe rences .  Although the  s t e p  response r eco rds -a re  nat: shorn, 
they also r e f l e c t  very minor d i f fe rences  from those of the  nominal. 
syscem appears q u i t e  i n s e n s i t i v e  t o  changes i n  pocket depth. 

The 

The frequency response records f o r  t he  system with a s i l l  
width of 0.25-in, and 0.75-in. a r e  shown on Figures No. C-64 and No, C - 6 5 ,  
and Figures No. C-66 and No. C - 6 7 ,  respec t ive ly .  A comparison of these records 
with those obtained with a 0.5-in. s i l l  shows them a l l  t o  be very similar. 
Some v a r i a t i o n  i n  low frequency gain is  noted, which ind ica t e s  a v a r i a t i o n  i n  
system s t i f f n e s s .  The anti-resonance o r  zero of the  frequency response of 
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TABLE C - I 1  

PARAMETER VALUES - COMPRESSIBLE FLOW 

Parameter 

B 

‘fi 
cf 

‘hi’ ‘11 
‘ho’ ‘10 
C 
C 
0 .  

dFO 

dHO’ dLO 
h 

K 
S 

KC 

%O 

%1 
%ol ’  “to‘ 
5 
KT 
K 
Y 

‘FO 

LF 1 

L f i  

Lf 0 

P a r a l l e l  
Balancer 

50 

4 . 1 5 ~ 1 0 - ~  

7 . 1 4 ~ 1 0 - ~  

1 . 0 4 ~ 1 0 - ~  

1 . 6 2 ~ 1 0 - ~  

8 . 4 ~ 1 0 ~ ~  

. 01 

0.7 

0.1 

0.006 

250,000 

2. 4 x N 5  

11.2  

20 

1.195 

3 . 3 6 ~ 1 0 - ~  

333 

2 . 9 8 ~ 1 0 - ~  

1 e 6 8 ~ 1 0 - ~  

~ X L O - ~  

9 . 2 6 ~ 1 0 - ~  

4. ~ ~ x L o - ~  

Series 
Balancer 

50 

4 . 1 5 ~ 1 0 - ~  

7 e 1 4 ~ 1 0 - ~  

1 . 0 4 ~ 1 0 - ~  

1. ~ ~ x P O - ~  

. 01  

0.7 

0 .1  

0.006 

250 000 

2 ~ x I O - ~  

1 1 , 2  

20 

1.195 

3 . 3 6 ~ 1 0 - ~  

333 

2 . 9 8 ~ 1 0 - ~  

1 6 8 ~ 1 0 ~ ~  

~ X L O - ~  

9 . 2 6 ~ J . O ~ ~  

4 . 6 4 ~ 1 0 - ~  

Uni t s  

lb-sec / in.  
i n .  

i n .  

i n .  

i n .  

i n .  

2 

2 

2 

2 

2 

i n .  

i n .  

i n  a 

i n .  

1bf i n .  

i n .  

see f lb - in .  

see f lb- in .  

sec2-in. f l b  
3 l b  f i n .  

in .3  f9b 

Xiin. 

2 2 

2 2 

2 

see 2 2  /in. 

sec 2 2  / i n .  

2 2 

2 2  
sec /in. 
see f i n .  
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Parameter 

LHo' LLo 
Lhiy Lli 
Lho? '10 
LO 

NRpM 

%P 

5329 5 2  

5.43' %3 

537,  %7 
Rs 

'F 

v8 

M 

RHP 

%6' %6 

'Hl' 'LL 

Para l l e l  
Balancer 

1 . 3 7 5 ~ 1 0 - ~  

3. O X ~ O - ~  

2. ~ x I O - ~  

4 .  ~ x X O - ~  

. lo3 
10,000 

3.625 

2.875 

1.75 

2.25 

3.5 

TABLE C-IT. ( C O n t -  ? 
Series 

Balancer 

1, 3 7 5 x 1 f 3  

2. ~ X J , O - ~  

3.  O X ~ O - ~  

,103 
10 y 000 

3.625 

2.875 

1.75 

2.25 

3.5 

4.0 4.0 

1.5 

17.62 

1.5 

17.62 

5.05 5.05 

- 26.4 

Units 

2 2  sec /in. 
2 2  sec / in.  
2 2  

see /in, 
2 2  see /tn, 

2 lb-ajec / in.  

_I__ 

RPM 

in. 2 

in .  
in.  
in .  

in .  
i n  
in .  

i n  
in .  

3 
3 

2 in .  
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Figure C-56 Step Response - Incompre.-lkle, Series Balancer 
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Figure C-57 Step Response - Incompressible, Series Balancer 
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p i s t o n  displacement t o  ba lance  p i s t o n  p res su re  becomes less damped as t h e  
p i s t o n  s i l l  width inc reases .  
g r e a t  a f f e c t  upon s t a b i l i t y  because i t  is  t h e  damping of t h e  resonance 
p o i n t s  o r  po le s  which d e f i n e  t h e  s t a b i l i t y .  
recqrds  f o r  t h e  0.25-in. and 0.45-in. cases are n o t  inc luded ,  t h e i r  dynamic 
behavior  is  very  similar t o  t h a t  ob ta ined  wi th  a 0,5-in. s i l l .  
response a l s o  bea r s  ou t  t h e  d i f f e r e n c e  i n  s t i f f n e s s  where t h e  s t i f f n e s s  is  
g r e a t e s t  wi th  t h e  narrow s i l l .  

However, t h i s  i s  n o t  expected t o  have any 

Although t h e  s t e p  response 

The s t e p  

The s tudy  of t h e  series incompressible  ba lancer  i n d i c a t e s  
t h a t  an i n c r e a s e  i n  t h e  i n l e t  o r i f i c e  t o  t h e  balance p i s t o n - r e s u l t s  i n  a 
small decrease  i n  relative s t a b i l i t y .  The system appears  q u f t e  i n s e n s i t i v e  
t o  v a r i a t i o n s  i n  pocket  depth and s i l l  width. 

3.  P a r a l l e l  Flow Balancer - Compressible Flow 

The nominal parameters used i n  t h e  p a r a l l e l  compressible  s tudy  
are l i s t e d  on Table C-111 .  
width,  a 0.1-in. i n l e t  o r i f i c e  diameter ,  and a 0,Of-in. pocket depth.  

The nominal conf igu ra t ion  has  a 0.5-in. s i l l  

The compressible p a r a l l e l  con f igu ra t ion  s tudy included 
ba lancer  presthire ranges of from 1000 p s i  t o  500 p s i ,  400 p s i  t o  200 p s i ,  and 
200 p s i  t o  100 p s i  between i n l e t  and d ischarge .  
w a s  devoted t o  t h e  400 p s i  t o  200 p s i  range. 

However, most of t h e  s tudy  

The response of only one conf igu ra t ion  w a s  obtained i n  t h e  
1000 p s i  t o  500 p s i  p re s su re  range. This  conf igu ra t ion  had-an  i n l e t  o r i f i c e  
of 0 . 2 - h .  i n s t e a d  of t h e  normal v a l u e  of 0.1-in. The frequency and s t e p  
responses  are shown on Figures  No. C-68 through No. C-73. ,The response t o  
load p i s t o n  e x c i t a t i o n  is  well-behaved and q u i t e  similar t o  t h a t  obtained 
f o r  t he  incompressible  case. However, F igure  No. C-69 shows t h a t  t h e  response 
t o  ba lance  p i s t o n  p res su re  e x c i t a t i o n  becomes hfghly  resonant .  
i s  ev iden t  from the  o s c i l l a t i o n s  of approximately 700 cps  p re sen t  i n  t h e  s t e p  
response of F igures  No. C-72 and No. C-73. However, t h e  o s c i l f a t i o n s  dampen 
o u t  and t h e  system i s  s t a b l e .  

This  a l s o  

Frequency response d a t a  f o r  t h e  system wi th  a p res su re  range 
from 400 p s i  t o  200 p s i  and nominal parameters i s  shown on Figures  No. C-74 
and No, C-75. Again, t h e  response t o  ba lance  p i s t o n  p res su re  e x c f t a t i o n  shows 
a very  low damped resonance. 
360-degrees, which i n d i c a t e s  t h e  presence of two p a i r s  of complex Eigenvalues 
o r  po les  i n  t h e  v i c i n i t y  of 700 cps.  The response t o  a s t e p  i n  load p res su re  
(Figures  No. C-76 and No. C-77) shows an overshoot i n  p i s t o n  displacement 
of approximately 100%. A s t e p  i n  ba lance  p i s t o n  p res su re  (F igures  No. C-78 
and No. C-79) produces a very  low damped r ing ing  of approximately 400 cps ,  
which corresponds t o  t h e  resonant  peak noted on t h e  frequency response.  

The phase angle  p l o t  passes  through approximately 
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TABLE C-II'I  

LIST OF EIGENVALUES OBTAINED FROM THE DIGITAL COMPUTER SRJDY 

R e a l  Part I m a g i n a a  

1 

2 

3 

4 

5 

6 ,7  

899 
1 0 , l l  

12,13 

14,15 

16,17 

18,19 

20,21 

22 
23 

24 

-91,214 

-27,539 

-32 999 

-16,471 

-18,238 

-99.98 

-13.8 

-1900 

-5550 
-503 

-234 

+305 

-24 

-3989 
-608 

-21.1 

1 

c 

- +LO, 528 
- +8,644 

c1 +7,718 

- +2,000 
- +4,580 
- +4,283 

9 +4,329 

- +3,446 
- 
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Figure C-70 Step Response - Compre.isible, Parallel Balancer 
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Increasing the inlet orifice to 0.2-in. produces the 
frequency response of Figures No. C-80 and No. C-81, The response to 
load piston pressure excitation now also shows a low damped resonant peak. 
Figure No, C-82 is a record of the limit cycle oscillations which occurred 
while operating with a 0.2-in. orifice. As shown, the limit cycle exists 
for piston displacements above approximately 0.004-in., but stabilizes as 
piston displacement is decreased. 
inlet orifice diameter is destablizing. 

These records indicate that an increase in 

A decrease in pocket depth from 0.01-in. to 0.005-in. produces 
the frequency response shown on Figures No. C-83 and No. C-84, These plots 
show slightly greater damping than the nominal configuration. 
response obtained is nearly identical and is not shown here. 

The step 

The compressible parallel balancer is somewhat sensitive to 
changes in sill width. Figures No. C-85 and No. C-86 show the system 
frequency response with a 0.75-in. sill width. 
from load piston pressure excitation now indicates a much lower damped 
resonance than the nominal case did. However, the response to a step in load 
piston pressure (Figures No. 6-87 and No. C-88) indicates less overshoot in 
piston displacement. Although not shown, the step response records for the 
0.25-in. sill show a greater overshoot than the nominal. Therefore, the 
frequency response and the step response appear to contradict one another as 
to the effect of sill width variations. These contradictions may result 
from the differences in the response to large signals as the step response 
and to small signals such as the frequency response excitation. 
considerations, the small signal or frequency response data is more valid. 
Therefore, the system with the wide s i l l  appears more resonant in nature and 
less stable. 

The frequency response obtained 

For stability 

The study of the system in the 200 psi t o  100 psi range 
showed the system to be unstable. 
conditions were not obtained. 

During a brief parameter study, stable 

The parameter study of the parallel compressible configuration 
indicates that the system is sensitive to inlet orifice diameter and sill 
width, but is quite insensitive to the values of the pocket depth studied. 
A large orifice diameter resulted in unstable conditions. 
was increased, the system became more underdamped in nature. 

As the sill width 

4. Series Flow Balancer - Compressible Flow 
a. Analog Computer Study 

A list of nominal parameters used in the study of the 
series, Compressible flow balancer was given on Table C-11. 
parallel flow case, a sill width of 0.5-in., an inlet orifice of 0.1-in., 
and a pocket depth of 0.01-in. were selected as nominal parameters. 

As with the 
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For t h e  series compressible  case, only t h e  ba lance  p i s t o n  
p res su re  range of 400 p s i  t o  200 p s i  w a s  s tud ied .  
f o r  t h e  nominal case i s  shown on Figures  No .  C-89 and No. C-90. These p l o t s  
are similar t o  those  obta ined  f o r  t h e  corresponding p a r a l l e l  case. The response 
t o  s t e p s  i n  t h e  load and ba lance  p i s t o n  p res su res  are shown on Figures  No. 
6-91 and No. 6-92, r e spec t ive ly .  I n  each case t h e  system appears  l i g h t l y  
damped. 

The frequency response 

Inc reas ing  t h e  o r i f i c e  diameter  t o  0.2411. r e s u l t s  i n  an 
uns t ab le  system f o r  p i s t o n  displacements  l w g e r  than  0.002-in, 
l i m i t  cyc l e  o s c i l l a t i o n s  are shown on Figure  No. C-93. An i n l e t  o r i f i c e  of 
0.15-in. r e s u l t e d  i n  l i m i t  cyc l e s  f o r  va lues  of p i s t o n  displacement g r e a t e r  
than  approximately 0.003-in. 

The r e s u l t i n g  

An i n c r e a s e  i n  pocket  depth  from t h e  nominal 0.01-in. t o  
0.02-in. tended t o  d e s t a b i l i z e  t h e  system. The frequency response p l o t s  of 
Figures  No. C-94 and No. C-95 show cons iderably  h igher  resonant  peaks than  
t h e  nominal case d id .  
pocket depth are shown on Figures  No. C-96 and N o .  C-97. The response t o  a 
s t e p  i n  ba lance  p i s t o n  p res su re  i n d i c a t e s  t h e  system i s  n e u t r a l l y  s t a b l e .  

The s t e p  response records  of t h e  system wi th  a 0.02-in. 

The series, compressible flow ba lance r  a l s o  i s  somewhat 
s e n s i t i v e  t o  changes i n  s i l l  width,  
w i th  a 0.25-in, s i l l  i s  shown on Figures  No. C-98 and No. C-99. The resonances 
appear t o  be  s l i g h t l y  less damped than  f o r  t h e  nominal case. 
i l l u s t r a t e d  on Figure  No. C-100 by t h e  h ighe r  overshoot  i n  p i s t o n  
displacement i n  response t o  a s t e p  i n  load p i s t o n  pressure .  
t he  response t o  a s t e p  i n  balance p i s t o n  p res su re  (Figure No. C - l O l ) - i s  n e a r l y  
i d e n t i c a l  t o  t h e  nominal case. Inc reas ing  t h e  s i l l  width t o  0.75-in. a l s o  
tends t o  i n c r e a s e  t h e  overshoot of p i s t o n  displacement t o  a s t e p  f n  load 
p i s t o n  p res su re  (Figure No, C-102). 
ope ra t ing  wi th  t h e  0.75-211. s i l l  (Figure No. C-103). 
a t  a p i s t o n  displacement of approximately 0.0025-in. 
above and below t h e  va lue  of 0.0025-in. displacement.  

The',frequency response of t h e  system 

This a l s o  i s  
. 

However, 

A l i m i t  cyc l e  a l s o  occurred whi le  
The l i m i t  c y c l e  e x i s t e d  
The system s t a b i l i z e d  

The series compressible flow ba lance r  w a s  s e n s i t i v e  t o  each 
of the  t h r e e  v a r i e d  parameters.  
from t h e  nominal r e s u l t e d  i n  uns t ab le  condi t ions .  Deviat ing i n  e i t h e r  
d i r e c t i o n  from t h e  nominal s i l l  width appeared t o  r e s u l t  i n  less s t a b l e  
ope ra t ing  c h a r a c t e r i s t i c s ,  

Inc reas ing  t h e  o r i f i c e  i n l e t  o r  pocket depth 

b. D i g i t a l  Computer Eigenvalue Evaluat ion 

The u s e  of Aerojet-General Computer Program E32205 
e n t i t l e d  " S e n s i t i v i t i e s  of Large Multiple-Loop Control  Systems" f o r  t h i s  
ba lancer  conf igu ra t ion  r e s u l t e d  i n  a set of Eigenvalues o r  c h a r a c t e r i s t i c s  
r o o t s  of t h e  complete system. These r o o t s  are s u f f i c i e n t  t o  d e f i n e  system 
s t a b i l i t y  and provide a check of t h e  o s c i l l a t o r y  behavior  a s soc ia t ed  wi th  
t h i s  ba lancer  conf igura t ion .  
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The complete set of equat ions  i n  s ta te  v e c t o r  form w a s  
These c o e f f i c i e n t s  represented  by a 24 x 24 cons tan t  c o e f f i c i e n t  matr ix .  

f o r  t he  l i n e a r i z e d  equat ions  were eva lua ted  f o r  t h e  nominal phys i ca l  configura-  
t i o n  and ope ra t ing  condi t ion .  
r o o t s  were given on Table C-111 .  

The r e s u l t i n g  Eigenvalues o r  c h a r a c t e r i s t i c  

I n v e s t i g a t i o n  of t h e  24 r o o t s  contained i n  Table  C - I 1 1  
reveals t h e  s l i g h t l y  uns t ab le  dominant r o o t  p a i r  +48.6 9 690. 
t h e  system should be  extremely o s c i l l a t o r y  i n  t h e  frequency range of 690 cps.  

A s  a r e s u l t ,  

111, CONCLUSIONS AM, RECOMMENDATIONS 

The major problem i n  t h e  development of t h e  dynamic model and analog 
computer s imula t ion  of t h e  t h r u s t  ba lancer  system w a s  t h e  s fmula t ion  of t h e  
balance p i s t o n  r a d i a l  o r i f i c e s  ( s i l l ) .  A s  s imula ted ,  i t  is  n o t  p o s s i b l e  t o  
r ep resen t  very  small r a d i a l  o r i f i c e  c learances  wh i l e  s t i l l  be ing  a b l e  t o  
adequate ly  s imula t e  t h e  nominal c learances .  I n  any subsequent work, poss ib l e  
ref inement  of t h e  s imula t ion  i n  t h i s  area would be  advantageous. 

During t h e  parameter s tudy f o r  each of t h e  b a s i c  conf igu ra t ions ,  t h e  
e f f e c t  upon t h e  dynamic response r e s u l t i n g  from v a r i a t i o n s  i n  p i s t o n  s i l l  
width,  p i s t o n  pocket depth,  and i n l e t  o r i f i c e  diameter  was determined. From 
the  r e s u l t s  of t h e s e  s t u d i e s ,  i t  w a s  determined t h a t  whi le  ope ra t ing  wi th  an 
incompressible  f l u i d  both t h e  p a r a l l e l  and series ba lance r s  w e r e  very  s t a b l e  
and q u i t e  i n s e n s i t i v e  t o  parameter changes. 

The compressible  conf igu ra t ions  were found t o  be much less s t a b l e  and 
q u i t e  s e n s i t i v e  t o  c e r t a i n  parameters.  Var i a t ions  i n  inlet  o r i f i c e  diameter  
had t h e  g r e a t e s t  e f f e c t  upon t h e  dynamic c h a r a c t e r i s t i c s  f o r  bo th  ba l ance r  
conf igura t ion .  
Inc reas ing  p i s t o n  pocket depth and s i l l  width tended t o  d e s t a b i l i z e  t h e  system 
s 1 i g h t  l y  

Both systems became uns t ab le  f o r  Parge o r i f i c e  diameters .  
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It w a s  des i red  t o  develop a s i n g l e  dynamic model of t he  test configura- 
t i o n  which would descr ibe  the  t h r u s t  balance system with either incompressible 
water flow o r  compressible flow of a perfect: gas. The dynamic model wi th  pro- 
v i s i o n  f o r  compressible flow w a s  developed from t h e  incompressible flow model 
by adding t h e  capab i l i t y  of varying t h e  dens i ty  and bulk modulus of t h e  f l u i d  
a t  each s t a t i o n  i n  the  flow c i r c u i t  as a func t ion  of t h e  f l u i d  state a t  t h a t  
s t a t i o n .  I f  t he  f l u i d  behaves as a pe r fec t  gas and t h e  process is assumed t o  
be ad iaba t ic ,  then the  f l u i d  p rope r t i e s  can be  obtained as a function of 
pressure only. 

For a pe r fec t  gas 

or  
P = yRT 

P =  
Y =  
R =  
T =  
s =  

and 
B =  

where B =  
k =  

pressure (ps i )  
dens i ty  ( lb / in?)  
gas c w s t a n t  (in('R) 
temperature 
subsc r ip t  which ind ica t e s  conditions a t  a p a r t i c u l a r  
s t a t i o n .  Taken as t h e  source i n  t h i s  development. 

kP 
bulk modulus 
r a t i o  of s p e c i f i c  heac 

Assuming t h i s  process is  ad iaba t ic ,  then 

Combining Equations (Al), (A2), and (A3) y ie lds  

and 

B 
Y 
- kRTs - 

k-1 
k 
- 

P 
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For nitrogen gas when 

k = 1.4 
R = 662 in4"R 

then, Equations (A4) and (AS) become 
' S  o*286 p0.714 = 1.51 10-3 

TS 
and 

B T,S 286 
Y PsO, 286 - = 927 

Plots  of P o*714 and P oe286 are shown on Figures C-A1 and No. C-A2, 
respectively. 
with function generators. 
an accurate approximation can be made by a linear function. 
approximation used for the pressure range of 200 psi to 400 psi is shown on 
Figures No. C-A1 and No. C-A2, Equation (A6) can then be approximated by: 

It.is possible to program these functions on the analog computer 
However, if the pressure variation is not too large, 

The straight line 

'13 0.286 where 

Equation (A7) can be approximated by 

A =  K + K T P  
Y C 

where 

(0) 
TS 286 

C = 927 ' 0.286 
pS 

apO. 286 TS 

pS 
0.286 3P KT = 927 

Eq. (All) 

Eq. (A12) 

Eq. (A13) 
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The p a r t i a l  de r iva t ive  terms of Equations (A101 and (A13) indicate t h e  

and Po-286(o),  are t h e  value of the Zinear approximation 
s lope  of t h e  res ective nonlinear curves evaluated a t  the nomine1 pressure. 
The terns, 
extended to  zero pressurer  

Tn t h e  case of o r i f i c e  flow where only the  i n l e t  a i d  o u t l e t  pressures 
are ava i lab le ,  t he re  i s  a question of what pressure  should be used t o  determine 
t h e  density. 
incompressible flow is obtained from the  well-known o r i f i o e  equation 

The steady-state pressure  drop across t h e  in le t  o r i f i c e s  with 

where 
2 

A = cross-sectional area, i n +  
CD = coe f f i c i en t  
g = g r a v i t a t i o n a l  constant,  i n l s e c  
Ps i= i n l e t  pressure,  p s i  
Po = o u t l e t  pressure,  p s i  
y = dens i ty ,  lblin.3 

2 

It i s  des i r ab le  t o  use t h i s  equation t o  descr ibe  compressible flow 
through the  o r i f i c e s  ins tead  of t h e  following more complex compressible r e l a t ion -  
s h i p  invalving pressure r a t i o s  which i s  given by 

ii = CD 

Using pe r fec t  
1 

gas r e l a t ionsh ip ,  the  density a t  e i t h e r  t he  i n l e t  o r  t h e  
o u t l e t  of the- o r i f i c e  oan be subs t i t u t ed  i n t o  Equation (A14) 
i n l e t  dens i ty  given by 

Subst$tut$ng the  

pS 

RTS 
y = -  Eq. (A161 

i n t o  Equation (A14) y i e l d s  t h e  following equation 

Eq. (A17) 
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using the  dens i ty  r e l a t ionsh ip  of Equation (A4), t he  o u t l e t  dens i ty  is given by 

k-1 - 
P s T  k 

RTS 
Y = *  

Subs t i t u t ing  Equation (A18) i n t o  Equation (A141 y i e l d s  

Eq, (A18) 

Upon comparing Equations (A14), (A171 and (AN), i t  is  noted t h a t  they are 
i d e n t i c a l  except f o r  the  last  term contained i n  the  square brackets,  A p l o t  of 
t he  l as t  t e r m  of each of t he  th ree  equations is shown by the  curves on 
Figure No. C-A3. A comparison of these curves shows t h a t  i f  t he  dens i ty  a t  the  
output of t he  o r i f i c e  i s  used i n  t h e  incompressible o r i f i c e  Equation (AP4), t h e  
r e s u l t  is a good approximation t o  t h e  compressible o r i f i c e  Equation (A15) f o r  
pressure r a t i o s  above the  cr i t ical  r a t i o .  
computer model be l imi ted  t o  subsonic flow, the use of EquatJon (A14) with a 
va r i ab le  dens i ty  adequately descr ibes  t h e  i n l e t  o r i f i c e  flow. 

Because i t  is  intended t h a t  the  

The foregoing arguments a l s o  apply t o  the  balance p is ton  r a d i a l  o r i f i c e s ,  

The dynamic model developed i s  appl icable  t o  compressible f l u i d s  t h a t  
are o ther  than a p e r f e c t  gas i f  appropriate s impl i f i ca t ion  techniques are 
applied. 
f l u i d  as w e l l  as the  operating conditions. 
f o r  l i q u i d  hydrogen w a s  t o  assume a temperature constant and t h a t  t he  f l u i d  
proper t ies  var ied  as a func t ion  of pressure  only. 
i n  t h e  evaluation of a preliminary design f o r  the NERVA turbopump (Contract 
SNP-1). 
conditions vary over a wide range because f l u i d  p rope r t i e s  normally vary as a 
function of both pressure and temperature, 

These techniques would depend upon the  proper t ies  of the  p a r t i c u l a r  
A method used t o  eva lua te  one case 

This technique was applied 

A model of t h i s  type would be an approximation i f  t he  operating 

I t .would  be necessary t o  add more thermodynamic equations t o  determine 
the  f l u i d  proper t ies  (including dens i ty  and bulk modulus) i f  g rea t e r  accuracy 
o r  a wide range of operating conditions is ant ic ipa ted .  
would be highly complex and would r equ i r e  f u r t h e r  refinement of t he  e x i s t i n g  
model 

These property functions 
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ATTACHMENT B 

(APPENDIX C) 

RADIAL FLOW ORIFICES 
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The r a d i a l  o r i f i c e  equations are defined i n  t h i s  attachment. 
p r i n c i p a l  element of t h e  balance p i s ton  flow path i s  t h e  r a d i a l  o r i f i c e s  . 
formed by t h e  r a i sed  p i s ton  sills o r  lands and t h e  housing w a l l s .  The p i s ton  
s i l ls  and the  housing w a l l s  form a va r i ab le  o r i f i c e  where the  cross-sectional 
area and, hence, t he  pressure  drop are a function of t h e  gap width between 
the  p i s ton  s i l l  and t h e  housing w a l l .  

The 

The t o t a l  p ressure  l o s s  through t h e  r a d i a l  o r i f i c e  i s  subdivided i n t o  
an entrance lo s s ,  s i l l  flow loss, and an e x i t  loss. The entrance loss i s  
defined by t h e  following equation. 

cA 
APi 2 2  Pi - P1 = 

8g IT YiRl 

where 
CA = entrance coe f f i c i en t  

h = gap width, si1 t o  w a l l ,  i n .  

D = s i l l  he ight ,  i n ,  

Ri 
fi = weight flow, l b f s e c  

= f l u i d  dens i ty  a t  t h e  s i l l  entrance, l b / in .  

= s i l l  entrance rad ius ,  i n .  

3 

The entrance l o s s  is  a nonlinear func t ion  of both the  weight flow, t5, 
FPr t h e  compressible flow case, the  dens i ty ,  yi, a l s o  and the  gap width, h. 

becomes a va r i ab le  which is  a function of pressure. 
t h e  s i l l  gap is described by the  following r a t h e r  complex set of equations. 

Tbe pressure drop wi th in  

dG P1 - P2 = LIPs - Ls dt 

+ u  2 ) 1 / 2  
'Res = "Avg Avg 

h 'Res R =  
e gu 
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I f  Re  < 2000, i t  i s  assumed t h a t  laminar flow e x i s t s  and AP i s  g iven  by s 

6uln (R2/R1) y s 2 2  2 2 APs = G - 2 g  +-K r w r (R2 - R1) Eq. 037) 
y TT h3 

The nega t ive  s i g n  between t h e  major terms of Equation (B7) accounts for 
flow outward through t h e  o u t e r  s i l l ,  and t h e  p o s i t i v e  s i g n  accounts  f o r  inward 
flow through t h e  inne r  w a l l .  

I f  R e  < 2000, i t  is  assumed t h a t  t u r b u l e n t  f low exists and AP is g iven  
by t h e  fol lowing re la t ionship .*  S 

APs - - ( 0 . 0 7 9 ) ~ ~  (sec 

YS2n gl-n (2  )2-n ( 1-n) 

where sec M, = 'Res 
v 
Avg 

- R k "  .2-n 

[1:-n Ri-n ] 

p i s t o n  r o t a t i o n a l  speed,  rpm 

i n n e r  s i l l  r a d i u s ,  i n .  

o u t e r  s i l l  r a d i u s ,  i n .  

r o t a t i o n a l  cons tan t  

p i s t o n  r o t a t i o n a l  speed, r ad / sec  

Reynolds number exponent 
2 dynamic v i s c o s i t y ,  lb -see / in ,  

f l u i d  d e n s i t y  w i t h i n  t h e  s i l l ,  l b / i n .  3 

Equations (B3) through (B8) show t h e  p re s su re  drop through t h e  s i l l  gap 
t o  be  a complex func t ion  of bo th  f l u i d  weight flow, G, and s i l l  gap-width,  h .  
For compressible flow, t h e  dens i ty ,  ys, a l s o  becomes a v a r i a b l e .  

gap width and is  given by t h e  fol lowing equat ion.  
The i n e r t a n c e  of t h e  r a d i a l  o r i f i c e ,  Ls, a l s o  i s  a func t ion  of t h e  s i l l  

1 Ls = - 
Js 

where 
TT g (R2 + R1) - 

R2 - R1 Js - Eq. (B10) 

*kTas, L. N . ,  and Donovan, W. F., "Through-Flow i n  Concentr ic  and Eccen t r i c  
Annuli of Fine Clearance With and Without Relative Motion of t h e  Boundaries," 
Trans. ASME, November 1955 
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The o r i f i c e  e x i t  l o s s  is  def ined  by - 

where CB = exi t  c o e f f i c i e n t  

= e x i t  width,  i n .  

= s i l l  ex i t  r a d i u s ,  i n .  
= f l u i d  d e n s i t y  a t  t h e  sill  ex i t ,  l b l i n ,  

hoEqv 

RO 3 

As wi th  both  t h e  entrance l o s s  and s i l l  loss, t h e  ex i t  loss  is a non- 
Ie t h e  campressibls  f low l i n e a r  func t ion  of weight flow and s i l l  gap width,  

case, t h e  d e n s i t y  a l s o  is  a v a r i a b l e .  

The exact s imula t ion  of a l l  t h e  equat ions  desc r ib ing  t h e  flow through 
t h e  r a d i a l  o r i f i c e s  on t h e  analog computer would be too  camplex and would 
r e q u i r e  excessive analog equipment. Therefore ,  a s i m p l i f i e d  approach i s  
followed where t h e  t h r e e  p re s su re  lws terms were eva lua ted  over  t h e  expected 
range of weight flows and s i l l  gaps. 
added t o  o b t a i n  t h e  t o t a l  o r i f i c e  p re s su re  drop as a fune t ipn  of weight flow, 
gap width,  and d e n s i t y  f o r  compressible flow. 
o r i f i c e  i s  then  descr ibed  by 

The t h r e e  p re s su re  l o s s  terms are then  

The flow through t h e  r a d i a l  

1 dG Pi - Po = *PT - - Js h 

where 
APT = APi 3. APs 3. APo 

P l o t s  of APT(&,h) f o r  incompressible  flow wi th  d i f f e r e n t  s i l l  widths  
and p i s t o n  apeeds are shown on Figures  No, 6-I31 through No. C-B8. These 
p re s su re  drop func t ions  are then  s imulated on Che analog computer. 
of s imula t ion  w i l l  be  descr ibed  subsequent ly .  

The method 

Certain approximations were made i n  t h e  p re s su re  drop calculations which 
should be noted. For t h e  ba l ance r  conf igu ra t ion  and p res su res  being s imula ted  
on t h e  computer, i t  w a s  determined t h a t  t h e  occurrence of  laminar flow would 
be rare; t h e r e f Q r e ,  only t h e  t u r b u l e n t  Equation (B8) is  used i n  t h e  evaluation 

l o s s ,  t h e  e x i t  width,  hoeqv, i s  considered i n f i n i t e  because i t  is much l a r g e r  
than  t h e  gap wid th ,  h .  

. af t h e  p re s su re  drop through t h e  s i l l  gap. In  the  c a l c u l a t i o n  of t h e  ex i t  

Other approximations i n  t h e  f l u i d  equat ions  involve  t h e  d e n s i t y  terms. 
Each of t h e  t h r e e  p re s su re  drop equat ions  shows t h a t  t h e  l o s s e s  are i n v e r s e l y  
p ropor t iona l  t o  dens i ty  which, i n  t u r n ,  i s  dependent upon f l u i d  condi t ions  a t  
t h e  po in t  where t h e  equat ion  a p p l i e s .  The t h r e e  p re s su re  drops are a l l  lumped 
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t oge the r ;  t h e r e f o r e ,  i t  is  impossible  t o  in t roduce  a s e p a r a t e  v a r i a b l e  dens i ty  
i n t o  each l o s s .  A s  a r e s u l t ,  each of t h e  l o s s  components i s  c a l c u l a t e d  wi th  a 
nominal va lue  of dens i ty ,  YN,  a t  t h e  p o i n t  where t h e  equat ion  a p p l i e s .  
of t h e  p re s su re  drop func t ion  f o r  compressible flow wi th  nominal dens i ty  are 
shown on Figures  No. C-B9 through No. C-Bl.4. The t o t a l  p re s su re  drop func t ion  
is then made a func t ion  of dens i ty  by d iv id ing  by a c o r r e c t i o n  term equa l  t o  
Y/Y,. The c o r r e c t i o n  t e r m ,  Y / Y N ,  i s  obta ined  from t h e  dens i ty  equat ions  
der ived  i n  Attachment A where 

P l o t s  

or  
y = % - K Y p  

Eq. (B13) 

The p res su re  used i n  t h e  dens i ty  c o r r e c t i o n  Equation (B13) i s  an 
approximation because t h e  p re s su re  varies from p o i n t  t o  p o i n t  through t h e  
o r i f i c e .  
t o  ob ta in  t h e  c o r r e c t i o n  term Y / Y N .  

An average of t h e  i n l e t  and e x i t  p re s su res  i s  used i n  the  s imula t ion  

The curves of t o t a l  p re s su re  l o s s ,  as shown on Figures  No. C-B1 through 
No. C - B l 4 ,  are cu rve - f i t  and s imulated on t h e  analog computer by two func t ions  
which are mul t ip l i ed  toge the r  as fol lows : 

APT = f ( i )  f ( h )  Eq. (B14) 

The weight flow func t ion  f(G) i s  generated i n  t h e  s imula t ion  by a 
func t ion  of t h e  form 

f ( G )  = K Eq. (B15) 2 
t? + K2 & 1 

whi le  t h e  gap func t ion  i s  represented  by a func t ion  of t h e  form 

c2 c3 f ( h )  = - + - + -  
h2 h3 

Eq. (Bl6) 

The polynomial curve- f i t  technique w a s  s e l e c t e d  t o  f a c i l i t a t e  quick 
changes of s i l l  c h a r a c t e r i s t i c s ,  a l though a func t ion  gene ra to r  could a l s o  have 
been used t o  f i t  t h e  curves.  

Page 393 



, 

v i  
LD 
Pi 

pc 

i 

. .  
' !  

- 1- 

1200 

1100 

1000 

900 

800 

700 

600 

500 

400 

300 

200 

1oc 

C 

_- 

Outer Radial Orifice Flow Characteristics 

R = 4.0 in. 

Re -- 3.75 in. 
7 

b 

NRpM = 10,000 rpm 

D = 0.01 in. 

1 2 

, I  . 
. I >  

Inc onipres s i b l e  F1 ow 2 ,  

. ' 

4 5 .  I 8 9 10 
W lb/sec 

1 Figure C-B9 Radial Orifice Characteristics - Compressible Flow 
Page 394 

' I  

I 

I 

i 



I - 

! 

j 
1.; 
I .  
i 

i 

I 

I '  
I 

I 

' 1 ,  1 I 
' Inner Radial Orif ice Flow Characteristics 

Incompressible Flow 

R = 2.0 in, 3 
R2 = 1.75 in. 

NRpM =I 10,000 rpm 

= 0.01 in ! D 

1 4 5 2 . 3 
w lb/sec 

Page 395 '\ 
"x I., 



I I 

I 
' I I  

Outer Radial Orifice Flow Characteristics , 
8 Incampressible Flow 

a ,  R, = 4.0 in. 

t i  = 3.5 in. 

I 

I : ,  

I 

b 

NRpM = ~O,OOO rpm 

D = 0.01 in. I 

W lb/sec I 
1 . _  . .  

! 
t Figure CkB1l Radial Orifice Characteristics - Compressible Flow 

Page 396 

!:. 



' I  

I 

Inner Radial Orifice Flow Characteristics 
Incompressible Flow 

= 2.25 in. 

= 1.75 in. 
R3 

R2 

NRpM = ~O,OOO rpm 

D = 0.01 in. 

1 2 . 3 

. . .,. . . , / '  

, 

I w Ib/sec 
I -- I . -  

Figure C-B12 Radial Orifice Characteristics - Compressible Flow 

Page 397 



120c 

l 1 O C  

l 0 O C  

90c 

80( 

70( 

60( 

' 4  , - _ _  . 

1 '  
Outer Radial Orifice Flow Characteristics 

Incodpressible Flow 
I 

R = h,O in, 

RY = 3,25 in, 

NRpM = 10,000 rpm 

D = 0.01 in. 

7 

(3 

I 2 3 
W lb/sec 

, l o  I 

.... .. 
. . . .. .. .. .- ... . .... i . -. . .. __ __ . . - . . . . . __ . _ _  - . .. ._ . - . . -. - _. . . 

Figure C-BL3 Radial Orifice Characteristics - Compressible Flow 
__ _ _ _  __ I 

- 
-4 - Page 398 . - 

S i '  ' 

I ,  



j Inner Radial. Orifice Flow Characteristics 
Incompressible Flow 

= 1.75 in. 

=: 10,000 rpm 
R2 

*m 
J) = 0.01 

1200 

1100 

1000 
I 

._ -.- 
, I  

8 00 

700 

6 00 

500 

400 

300 

2 oc 

1oc 

r 

c 

L 

I 
I 

2 4 . 3. 
w lb/sec 

1 

I .. I - .  

Figure 6-314 tics - Compressible Flow 
1 ..- I 

Page 399 



ATTACJ3MENT C 

(APPENDIX C) 

,AXIAL FORCE ON A ROTATING PISTON 
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The f o r c e  a c t i n g  a x i a l l y  upon a p i s t o n  i s  obta ined  by i n t e g r a t i o n  of 
t h e  p re s su re  p r o f i l e  over  t h e  t o t a l  area of t h e  p i s ton .  The areas of t h e  
ba lance  p i s t o n  f a c e  are made up of t h e  pocket areas and areas as soc ia t ed  wi th  
t h e  lands  o r  sills. 

The f o r c e  a c t i n g  upon t h e  p i s t o n  land  is  obta ined  by i n t e g r a t i o n  of 
t h e  p re s su re  p r o f i l e  over  t h e  area of t h e  land.  
s l o t  i s  shown on Figure  No. C-C1. The p res su re  g rad ien t  w i t h i n  t h e  r a d i a l  
s l o t  formed by t h e  p i s t o n  land  and t h e  housing w a l l  i s  a func t ion  of t h e  t o t a l  
f low wi th in  t h e  s l o t  and t h e  r o t a t i o n a l  speed of t h e  p i s ton .  The t o t a l  f low 
wi th in  t h e  s l o t  i s  t h e  sum of t h e  through flow ( Q )  and t h e  squeeze f low (9,) 
caused by t h e  axial  motion of t h e  p i s t o n  land.  The squeeze f low is  given 
by : 

A diagram of a land and r a d i a l  

Eq* ( C 1 )  
2 2 

Qs = VT (r - Ro ) 

where 

v = a x i a l  v e l o c i t y  of t h e  p i s t o n ,  i n . / s e c  

Ro = 
r = r ad ius ,  i n .  

r ad ius  where t h e  squeeze f low is  ze ro ,  i n .  

Flow outward w i l l  be  regarded as p o s i t i v e  so t h a t  t h e  squeeze flow i s  p o s i t i v e  
when r>Ro  and nega t ive  when r<Ro.  
determined f o r  t h e  cases of laminar  and tu rbu len t  f low through t h e  r a d i a l  
s l o t .  The de termina t ion  of t h e  f o r c e  r e s u l t i n g  from squeeze f i l m  e f f e c t s  
w i th  laminar  flow ccmditions w i l l  fo l low t h e  development of Ful ler** and 
Archibald***. 

The f o r c e  on t h e  p i s t o n  land w i l l  be  

For laminar flow, t h e  p re s su re  g rad ien t  w i t h i n  t h e  r a d i a l  s l o t  is  given 

by 2 6pv (r2 - Ro) 
- i X = 6 u Q -  Y K:02 r +  3 Eq. (C2) 

r h r  3 g dr vh r 

**Fuller,  DL P . ,  Theory and P r a c t i c e  of Lubr ica t ion  f o r  Engineers,  
Wiley, 1956 

***Archibald, F. R . ,  ''Load Gapacity and T ime  Re la t ions  f o r  Squeeze Films," 
Trans. ASME, January 1956 
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Figure C - C 1  



where 
2 

p = absolu te  v i s c o s i t y ,  lb-sec/in. 

Q = flow-through rate, i n .  /sec 

h =' gap width, i n .  

g = g r a v i t a t i o n a l  constant,  i n . / s e c  

y = weight dens i ty ,  l b / i n .  

3 

2 

3 

Kr = rotational.  constant 

w = p i s ton  r o t a t i o n a l  speed, rad /sec  r 

In t eg ra t ing  Equation (C2) from t h e  i n s i d e  radius R 1 and pressure P 1 

the  following pressure  r e l a t ionsh ip  i s  obtained: 

6114 In- r + y  2(R2 - R:) 
.rrh 2g Kr @r R1 P = P 1 -  3 

A t  the outer  rad ius ,  r = R and P = P2 ,  so:  2 

Q =  

2 
- Ro 

- 
2 

- 6 p ~  

h3 

2 2 
(R2 - R1) 

I n  
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H o w e v e r ,  t he  f l o w  through (Q) must be independent of t he  squeeze f l o w .  
&, t he  squeeze f l o w  i s  zero,  s o  i t  cannot cont r ibu te  t o  through f l o w . )  
Therefore, t he  last  term of Equation (C5) must be zero,  so t h a t :  

( A t  

and 

Subs t i t u t ing  Equations (C6) and (Cy) i n t o  (C4) 

(PI. - P2) 

R2 
R1 

P = P1 - " 

In  - 
r In  - 
R1 

In - 
2 2  

(R2 - Rl) 
R2 

R1 
I n  - 

The force  ac t ing  upon t h e  land i s  then: 

. F = 1%' P 21r I: d r  
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S u b s t i t u t i n g  

F = T  

Although t h e  

Equations (C8) i n t o  (C9) and i n t e g r a t i n g :  

- 2  

21n - 
R, L 

E q .  (C10) 

3qJV + -  
2h3 

R2 - R14 

[ 4  

2 
2 2 

(R2 - R1) 
R2 

R1 
I n  - 1 

d e r i v a t i o n  w i l l  be  omit ted,  i d e n t i c a l  r e l a t i o n s h i p s  f o r  
p re s su re  (Equations (C8) and f o r c e  (Equation (C10)) are obtained f o r  t h e  
case of inward flow. 

**** 
For t u r b u l e n t  flow, t h e  p re s su re  g rad ien t  ob ta ined  from Tao i s  

given by : 

2-m m-2 2-m T2-m 2 2 r , r < R o  - cv (Ro - 'I: 1 

-dP 
d r  

2-m 2 2 2-m m-2 
T (r - Ro) r , r > R o  

where . 
m yl-m 1-m 

2-m h3 
(0.079) p (sec a) c =  

gl-m 2m (2T) 

2 
1-1 = abso lu te  v i s c o s i t y ,  lb -sec / in .  

y = weight d e n s i t y ,  l b / i n .  3 

E q .  ( C 1 1 )  

Eq. (C12) 

****Tao, L. N.  and Donovan, W. F . ,  op. c i t .  
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sec a = r o t a t i o n a l  dependent term 
h = gap width, in .  

n = Reynolds No. exponent 

As f o r  t he  laminar case, the  through-flow and squeeze flow are 
independent 80 t h a t  t h e  f o r c e  r e s u l t l n g  from each can be ca lcu la ted  separately.  s ,  

However, i t  is assumed t h a t  t h e  through-flow w i l l  always be  present  and of 
s u f f i c i e n t  magnitude t o  r e s u l t  i n  t h e  t o t a l  flow being turbulen t .  

F*rst ,  i n t e g r a t i n g  the  through-flow term only: 

R1 

CQ2-m 
(1-m) P - P 1 = -  

A t  r = It2, P = P so: 2 

Eq. (C13) 

Eq. (C14) 

Eq. ( C l 5 )  

Subs t i t u t ing  Equation (C15) i n t o  Equation (C14) and simplifying 

The fo rce  on the  land caused by flow-through i s  then: 

Eq. (C17) 
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Substituting Equation (C16) into Equation (C17) and integrating, the 
force is obtained as a function of the slot boundary pressures: 

F mi-1 mi-1 2 R;-m 

?T I (1 + m) (R2 - R1 1 - 

[ ( ~ l  l-m - .] p1 

p2 + l r  

Identical relationships are obtained for the case of inward flow. 

Eq. (C18) 

The squeeze film effect for turbulent flow is obtained from the second 
term of Equation (C11). 

1 dP 
f3 dr 
-- = 

2-m 2 (+- - r) 3 r<Ro 

2-m 2 

- (r-%) , r>R 0 

where 

Eq. (C19) 

Eq. (C20) n yl-m 1-m V2-m 2-m 2-m - (0.079) 1-1 (sec a) 6’ = Cn V - Pm 4 h3 

The pressure distribution in the radial slot resulting from squeeze 
film effects is obtained by integrating Equation (C19). 

Eq. (C21) 
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r or 

Eq. (C22) 

At r = Ro the two expressions of Equation (C22) must be equal. These 
expressions for pressure can be integrated numerically or graphically for an 
assumed value of Ro. 
found so that the pressure expressions of Equation (C22) are equal. 

The integration is repeated until a value of Ro is 
That is: 

Once Ro is determined, the pressure distribution is known and the togal 
squeeze film force can be found from 

or 
R2 

F = 2 n 8 . F  

R1 

P 2~ r dr 

r 

Eq. (C24) 

dg dr Eq. (C25) 
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The f o r c e  upon t h e  p i s t o n  lands  can then  be  obta ined  from t h e  r a d i a l  
s l o t  boundary p res su res  and t h e  p i s t o n  a x i a l  motion. 
y i e l d s  

Rewri t ing Equation (C25) 

v2-m 

h3 
F = KS Eq. (C26) 

R1 R1 Eq. (C27) 

The double i n t e g r a l  of Equation (C27) w a s  eva lua ted  numerical ly  by t h e  
computer f o r  t h e  va lues  of r a d i i  l i s t e d  i n  t h e  fo l lowing  t a b l e .  
0.25 w a s  used f o r  t h e  Reynolds number exponent. 

A va lue  of 

R2 

4.0 

4.0 

4.0 

1.75 

2.00 

2.25 

R1 

3.75 

3.50 

3.25 

1.50 

1.50 

1.50 

0.00284 

0.0371 

0.1644 

0.00118 

0.0173 

0.0866 

The f o r c e s  upon t h e  pocket areas of t h e  p i s t o n  are obta ined  by 
i n t e g r a t i n g  t h e  fol lowing p res su re  p r o f i l e  over  t h e  pocket area. 

2 2  2 2 Y- K w (r - R ~ )  
= + 2g r r  

where 

Eq. (C28) 

= r e fe rence  p res su re ,  p s i  
'r 3 
y = weight d e n s i t y ,  l b / i n .  

g = g r a v i t a t i o n a l  cons t an t ,  i n . / s e c  
2 

Page 409 



Kr 
r 
Rr 

w 

r 

The 
the  i n s i d e  

or 

where 

= r o t a t i o n a l  constant 

= r o t a t i o n a l  speed, rad /sec  

= reference rad ius ,  i n .  

= rad ius ,  i n .  

total fo rce  upon t h e  pocket area is  found by i n t e g r a t i n g  from 
pocket r ad ius  (R1) t o  t h e  outs ide  rad ius  (R2) and is given by: 

F =  P d r  Eq. (C29) 

F AP 4- Fu r 

2 2  A = "(R2 - R1) 

Ry = 
i n s i d e  pocket rad ius  

R2 = outs ide  pocket rad ius  

Eq. (C30) 

Eq. (C31) 

Eq. (C32) 

The Equations (C28) through (C329 a r e  used t o  obta in  t h e  forces 
ac t ing  upon both the  load and balance p is tons .  
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ATTACHMENT D 

(APPENDIX C) 

NOMENCLATURE 
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C 

D 

d 

E 

F 

FN 
f 

f (01 1 
g 
h 

h 

3 

K 

K 

K 

S 

0 
C 

%SF 

Kin 

‘ 5  
%SF 

Kout 

cross-sectional area 

viscous friction coefficient 

squeeze film constant 

pipe wall thickness 

fluid capacitances 

entrance loss coefficient 

exit loss coefficient 

orifice coefficient 
radial orifice sill gap coefficients 

acoustic velocity 

piston pocket depth 

diameter 

elastic modulus of pipe wall material 

force 

net piston force 
friction factor 

function of a 

gravitational constant 

radial orifice mill gap 

nominal radial orifice gap 

radial orifice inertance coefficient 

spring constant 

flow loss coefficient 
constant, linearized bulk modulus to density 
ratio 

squeeze film force constant - high-pressure 
side 

rotational constant, inward flow ’ 

constant, linearized density function 

squeeze film force constant - low-pressure 
side 

rotational constant, outward force 

2 in. 

lb-sec/in. 

in. 
in. 2 

in. /sec 
in. 

in. 

psi 

lb 

lb 

lb 

2 in. /sec 

in. 

in. /see 2 

2 2 sec /lb-in. 

in e 

3 lblin. 
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- - 
- - 'FCl 

'FC2 

'F S 

'HS 

- - 
= 

pLs 

0 R '  

- 
R H S ' R L S  - 

'HO' 'LO 

cons tan t ,  l i n e a r i z e d  bulk-modulus-to-density 
r a t i o  

cons t an t ,  l i n e a r i z e d  d e n s i t y  f u n c t i o n  

r a d i a l  o r i f i c e  weight f low c o e f f i c i e n t s  

r a t i o  of s p e c i f i c  h e a t s  

l eng th  of i n l e t  o r i f i c e  

p i s t o n  r o t a t i o n a l  speed 

Reynolds No. exponent 

p re s su re  

load p i s t o n  r e t u r n  p re s su re  

load p i s t o n  vent p res su re  

load p i s t o n  i n l e t  p re s su re  

ba lance  p i s t o n  i n l e t  p re s su re  - high-pressure 
s i d e  

ba lance  p i s t o n  i n l e t  p re s su re  - low- 
p res su re  s i d e  

source  p re s su re  

volume flow rate 

u n i v e r s a l  gas  cons tan t  

r ad ius ,  cons tan t  

l i n e a r i z e d  f l u i d  r e s i s t a n c e  

s h a f t  r a d i i  

r ad ius ,  v a r i a b l e  

temperature  

t i m e  

average t a n g e n t i a l  f l u i d  v e l o c i t y  

volume 

average r a d i a l  f l u i d  v e l o c i t y  

c a v i t y  volume wi th  p i s t o n  centered  

v e l o c i t y  

weight f low rate 

p i s t o n  displacement 

i n .  

rPm 

P s i  
p s i  

p s i  

p s i  

p s i  

P s i  
i n .  3/sec 

i n .  / O R  

i n .  

s ec / in .  2 

i n .  

i n .  

O R  

sec 

in .  /sec 
3 i n .  

i n .  /sec 
2 i n .  

i n .  /sec 

l b / s e c  

i n .  
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d /d t  = O = d e r i v a t i v e  

f3 = f l u i d  bulk modulus 

Y = weight dens i ty  

= nominal weight dens i ty  YN 
AP = pressure  d i f f e rence  

1.I = absolu te  v i s c o s i t y  

w = r o t a t i o n a l  speed r 

p s i  

l b  / in.  
l b l i n .  

p s i  

lb-secl in .  

3 

3 

2 

rad 1 s ec 
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Sub s c r i p t s  

BPL 

F 

FO 

FP 

F, 
F1 
F2 

f i  

f o  

H 

HO 

HP 
H 

w 

H 1  

H 2  

H 3  

H 4  

H 5  

H 6  

H 7  

H 8  

H 5  8 

H 4 1  

h i  

ho 

L 

LO 

LP 

LS 

series ba lance  p i s t o n  l a b y r i n t h  

load p i s t o n  

load  p i s t o n  i n l e t  o r i f i c e  

load  p i s t o n  c a v i t y  

r o t a t i o n a l  induced q u a n t i t y  - load  p i s t o n  

f i r s t  load p i s t o n  l a b y r i n t h  seal 

second load  p i s t o n  l a b y r i n t h  seal 

load p i s t o n  i n l e t  l i n e s  

load p i s t o n  r e t u r n  l i n e s  

ba lance  p i s t o n  - high-pressure s i d e  

ba lance  p i s t o n  i n l e t  o r i f i c e  - high-pressure s i d e  

ba lance  p i s t o n  pocket - high-pressure s i d e  

r o t a t i o n a l  induced q u a n t i t y  - balance p i s t o n  - 
high-pressure s i d e  

ba lance  p i s t o n  r e t u r n  c a v i t y  - high-pressure s i d e  

i n s i d e  r a d i u s  of i n n e r  s i l l  - high-pressure s i d e  

ou t s ide  r ad ius  of i n n e r  s i l l  - high-pressure s i d e  

i n l e t  t o  i n n e r  s i l l  - high-pressure s i d e  

i n l e t  t o  o u t e r  s i l l  - high-pressure s i d e  

i n s i d e  r ad ius  of o u t e r  s i l l  - high-pressure s i d e  

o u t s i d e  r a d i u s  of ou te r  s i l l  - high-pressure s i d e  

o u t e r  s i l l  o u t l e t  - high-pressure s i d e  

i n d i c a t e s  cond i t ions  from s t a t i o n  H 5  t o  H 8  

i n d i c a t e s  cond i t ions  from s t a t i o n  H 4  t o  H1 
balance  p i s t o n  i n l e t  l i n e s  - high-pressure s i d e  

ba lance  p i s t o n  r e t u r n  l i n e s  - high-pressure s i d e  

ba lance  p i s t o n  - low-pressure s i d e  

ba lance  p i s t o n  i n l e t  o r i f i c e  - low-pressure s i d e  

ba lance  p i s t o n  pocket - low-pressure s i d e  

s h a f t  
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= rotational induced quantity - balance piston - low-pressure 
side L w  

L1 = balance piston return cavity - low-pressure side 
L2 = inside radius of inner sill - low-pressure side 
L3 = outside radius of inner sill - low-pressure side 
L4 = inlet to inner sill - low-pressure side 
L5 

L6 

L7 
L8 

L58 

L41 

li 
lo 

0 

8 

S-BP 

S-FP 

inlet to outer sill - low-pressure side 
inside radius of outer sill - low-pressure side 
outside radius of outer sill - low-pressure side 
outer sill outlet - low-pressure side 
indicates conditions from station L5 to L8 
indicates conditions from station L4 to L1 

balance piston inlet lines - low-pressure side 

balance piston return line - low-pressure side 

balance piston outer return lines 

outer return cavity 

Source pressure, balance piston 

Source pressure, force piston 
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